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Abstract 
The UK buries about 100 million tonnes of waste a year, of which 25% is municipal 
solid waste (refuse). The environmental impacts from gas and leachate releases 
are known and direct risks to health from landfill are reported. Europe has agreed 
to a Landfill Directive which has set targets for the stepwise reduction in 
biodegradable municipal waste going to landfill. The anaerobic digestion of 
municipal solid waste in controlled bioreactors is an area that could play an 
important role in overall evolution towards sustainability by recovering biogas and 
organic matter. 
Separated hydrolysis and subsequent anaerobic codigestion was demonstrated 
from the literature review to have the best potential for biodegradable municipal 
waste diverted from landfill. The rate of hydrolysis of solids wastes remains an 
outstanding problem. 
In this research, firstly the codigestion of industrial effluent (coffee wastewater), 
food wastes and garden wastes were investigated for their impact on hydrolysis and 
digestion. The results show that there were no treatability problems for coffee 
wastes up to 37.5% of volume feed per day at the HRT of 9 days. The results 
supported the view that dilute biodegradable streams such as coffee waste may 
improve digestion by promoting mixing. Fruit and vegetable wastes were highly 
biodegradable and can have a major improvement in biogas production of the 
whole codigestion process, whereas garden waste was not as successful as a co- 
substrate, probably because of the predominant celluloses and lignocelluloses with 
a low biodegradability. 
The literature review also revealed that washing or elutriation can remove organic 
matter from municipal waste. This is an important hydrolytic process in which a 
solubilised acidic organic matter is obtained. The codigestion of refuse hydrolysate 
with sewage sludge was therefore studied. A control digester treating sewage 
sludge only was compared with an experimental reactor fed mixed refuse 
hydrolysate with sewage sludge. It was possible to add the solubilised hydrolysate 
to existing anaerobic digesters designed at a standard sludge solids loading rate 
without causing overloading. The experimental reactor was also more effective, e. g. 
total organic carbon removal was 17.4% higher than that for the control reactor, and 
dewaterability was 35.8% better than that for the control. These parameters 
indicated that combined degradation of sewage sludge with an easily degradable 
hydrolysate was preferable to digestion with un-hydrolysed domestic waste or 
sewage sludge solely. This approach makes use of existing digesters and 
agricultural disposal routes after post-treatment an alternative. The potential toxic 
elements were monitored as part of this experiment and there was no extra effect 
from the combined anaerobic digestion. The sludge met the regulation to be 
recycled to agricultural land. The data were used as the supportive information for 
the establishment of a full scale anaerobic digestion plant for treating municipal 
solid waste built in Leicester (2004). 
The anaerobic digestion of municipal solid waste (MSW) alone was also 
investigated in this study. A high solids load up to 15.5%TS was tested. However 
the solid load had to be reduced to 10% because the high load and the fibre content 
interfered with mixing and then caused the failure of the digester. The research 
reported here indicated a better characterization of solid waste is needed. The 
particle size and lignocelluloses content were the most important influences on 
reactor operation. Therefore codigestion and dilution worked much better. 
In this research, hydrolysis pretreatment was also investigated. The hydrolytic rate 
was linked significantly to the temperatures and organic contents. In addition, a link 
between the hydrolytic rate and inoculum type, waste type, enzyme and stirring was 
explored, although losses of volatile organic carbon were a problem with the 
separated hydrolysis tests. Mesophilic temperatures and up 30 hours hydrolysis 
were optimum. 
Further work was recommended, in particular on the application of adapted culture 
to improve lignocelluloses hydrolysis and to reduce the MSW particle sizes. 
Key words: Anaerobic digestion; Codigestion; Sewage sludge; Refuse hydrolysate; Organic 
fraction of municipal solid waste (OFMSVI); Coffee waste; Lignocellulose; Hydrolysis; 
Solubilisation; Specific biogas yield. 
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Chapter 1 
Introduction 
1.1 BACKGROUND OF THE RESEARCH 
With economic development comes waste, today more and more different kinds of 
wastes are being produced by urbanized society. In the UK about 20 million tonnes 
of biodegradable municipal waste is produced a year, over 80% of which goes to 
landfill. From an economic point of view, landfilling of MSW is still attractive in 
some regions. However, the environmental impacts from landfill gas and leachate 
releases are getting more and more noticeable and direct risks to health have been 
reported (Elliot et al., 2001 and Goldberg et al., 1995). Additionally, the consented 
reserves of landfill in the UK are diminishing and that for putrescible household 
waste in particular there is no more than 15 years' supply of potential landfill void 
capacity in the south east of England (Hatton and Ockleston, 1997). This reduces 
to less than 10 years' for combined household waste. It is estimated that volumes 
of waste are continuing to grow, with household waste increasing at around 3% per 
year in the UK. 
Europe has taken into account this severe environmental problem. In order to 
reduce the environmental and health impacts of uncontrolled leachate, biogas and 
volatile organic carbon releases, a Landfill Directive (1999/31/EC) has been agreed 
by members of the European Union. The target is to reduce stepwise the amounts 
of biodegradable municipal solid waste (BMW) going to landfill. The UK landfills 
more waste than 10 of the other EEC countries, so the UK will be most affected by 
this EU Directive. 
The waste management strategies since 1999 have therefore changed to 
environmentally friendly biological treatment, so we are away from over-reliance on 
landfill. Municipal solid waste digestion is the newest area for anaerobic digestion 
which can play an important role in waste management, sustainable development, 
protecting environment and public health. As an alternative to design based on 
waste disposal by landfilling, the treatment of BMW by controlled anaerobic 
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digestion processes can convert organic waste into useful products such as biogas 
and a fertilizer product recycled to agricultural sector. Renewable energies are 
needed to reduce the dependence on the fossil fuel and to reduce greenhouse gas 
emissions. Furthermore anaerobic process could reduce the amount of waste 
which needs incineration, i. e. removing the relatively wet organic waste from the 
general waste streams results in a better calorific value of the remainder for 
incineration, and a more stable fraction for landfilling. 
There are dry and wet anaerobic digesters for MSW in full scale use in Europe for 
treating solid organic wastes. So far a total European treatment capacity of more 
than one million tonnes a year of organic solid waste in more than 50 full-scale 
digestion plants (defined by a minimum capacity of 3,000 tonnes per year) has 
been reported (De Baere, 2000 and Mace et al., 2005). In addition to the energy 
production, the important advantages also include high flexibility in treating different 
types of waste streams, reduced final odour, cost effectiveness and reliability. 
These make anaerobic digestion attractive for the future MSW management and 
treatment. 
There are few UK commercial centralised large-scale plants operated solely for the 
anaerobic digestion of organic refuse. This is thought to be due to the capital costs 
and the restricted market for the wet digested product but also lack of expertise (De 
Baere, 2006). However with the restrictive legislation and higher standards for the 
treatment of municipal solid waste, public private partnerships have started to 
provide work on large utilities responsible for both wastewater and refuse treatment. 
This establishes suitable sites for combined digestion. 
Even after source separation municipal solid waste may still contain sufficient 
organic matter to prevent landfilling (>30%, i. e. the Landfill Directive (1999/31/EC) 
target for 2016, see details in section 2.1.2). Some research on washing or 
elutriation to remove more organic matter from the residual waste has been 
reported (Mace et al., 2003). Extracting the organic matter from refuse by 
elutriation and hydrolysis is described in this thesis. Hydrolysis is the standard 
pretreatment process and rate-limiting step for digestion and this is also 
investigated in this research. Mechanical methods have been used to reduce 
particle size and to accelerate hydrolysis. Temperature also is important and is the 
most common method of improving hydrolytic rates in the slower anaerobic 
environments. Controlled alterations to the considerations for hydrolysis based on 
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batch bioreactors and according to substrate characteristics form part of 
experimental programme reported. Scale up and site variations are also difficult to 
design for. 
Hydrolysate from a full scale waste attached to a recycling centre were included in 
the experiments. Providing soluble or readily biodegradable carbon is an important 
part of wastewater treatment and data is now being published on the hydrolysis of 
primary and biological sludges to generate persistent VFA. Typically this was 
fermentation, i. e. without oxygen and with pre-existing large populations of micro- 
organisms. The process may also work with the biodegradable fraction of 
municipal refuse. 
Direct digestion of some types of solid wastes may also be possible but potential 
problems with direct digestion are however mixing and disposal of contaminated 
residues. This is researched by literature review and experiment in this thesis. 
The aim of the research was to investigate codigestion of other wastes including 
MSW with sewage sludge. Codigestion should produce similar residues to the 
conventional digestion of sewage sludge. The effluent released from codigestion 
can be recycled and reused for the hydrolysis step of municipal solid waste. The 
energy balance for a biogas plant is positive due to generation of electricity from 
combined heat and power plant which can then be sold in a carbon trading 
environment. So the approach in this project was to achieve sustainable waste 
management since it makes use of existing assets at sewage treatment works' 
digesters. The advantages are: 
" Utilizing the existing digesters; 
" The biogas production as a renewable energy; 
" The agricultural disposal as a soil conditioner. 
The first full scale anaerobic digestion plant for the treatment of MSW in the UK was 
built in August 2004 at Wanlip, Leicester by Severn Trent Water. 
1.2 AIM OF THE RESEARCH 
The research was supported by Severn Trent Water with the overall aim of 
improving pretreatment for solids hydrolysis and so with combined anaerobic 
digestion enhance the gas production for power generation. A schematic diagram 
about the thinking behind these two processes are presented in figure 1.1. 
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Figure 1.1 The focus issues investigated in this thesis 
1.2.1 Hydrolysis Pretreatment 
The objective was to generate VFAs from the biodegradable fraction of municipal 
solid waste and so to provide an easily assimilable carbon source to aid sewage 
treatment and enhance gas production. As a whole the following experiments were 
investigated. 
" Maximizing VFA production as a supplementary biodegradable carbon for CAD 
or biological phosphorus and nitrogen removal; 
" Measuring the effect of temperature on rates of hydrolysis and VFA production; 
" Measuring the effects of retention times and initial solids concentrations on 
hydrolytic rate; 
" Tests with commercial lignocelluloses enzymes as internal control; 
" Carrying out experiments on improvements to hydrolysis and VFA production 
from mixing. 
1.2.2 Combined Anaerobic Digestion 
This research investigates whether it is possible to improve the efficiency of 
anaerobic digestion by adding more but different carbon sources. Mesophilic 
continuous digestion process is used to assess the long-term stability of co- 
digestion of sewage sludge and hydrolysate of refuse and industrial waste mixtures 
at laboratory scale. The value of the biogas produced and the reduced volumes of 
refuse and industrial wastes could reduce the running costs of treatment and 
improve the cost effectiveness treatability. 
Detailed objectives of this part were as follows: 
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" Monitoring the effects on digester stability. This has been measured by: 
- alkalinity/acidity of long term consistency of performance; 
- biogas production and solids destruction; 
- ammonia content; 
- supernatant carbon content. 
" Investigating the impact of the refuse hydrolysate on recycling the treated 
sludge to agricultural land. Parameters used are: 
- the metals content in the sludge; 
- the specific filterability of the sludge; 
- volatile solids content; 
- soluble organic content. 
1.2.3 OFMSW Digestion 
" Investigating the effect of maximum load on the OFMSW digestion; 
" Investigating the effect of pre-hydrolysate of OFMSW on its anaerobic digestion; 
" Investigating the effect of enzyme pre-addition on the OFMSW digestion. 
1.3 OUTLINE OF THE THESIS 
The figure 1.2 shows the link between chapters in this thesis. The outline of each 
chapter and their interlinks are described in this section. 
I Chapter 1 Introduction 
Aims set by sponsor 
Chapter 2 Uterature Reviews 
Detail objectives 
Chapter 3 Methodology 
to provide data on objectives 
Chapter 4 Chapter 5 
Chapter 6 Chapter 7 CAD of industrial II CAD of pretreated Hydrolysis 
and domestic refuse and 
MSW 
experiment food waste sewage sludge 
digestion 
Chapter 8 Conclusions & Recommendations 
Figure 1.2 The diagram of relation and link between chapters in this thesis 
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In this thesis, Chapter 1 introduces the aims of the thesis set by the sponsor and 
the details of objectives to achieve these aims. Then the structure for the thesis is 
described. 
Chapter 2 is a literature review to present the existing knowledge on hydrolysis and 
combined anaerobic digestion (CAD) of sewage sludge and other urban solid 
wastes. The applications of anaerobic digestion for the treatment of high solids 
wastes (mainly MSW) are reviewed as they apply to the aims of the thesis. The 
literature review has been used to develop the detailed objectives and experiments 
required to explore potentially novel methods of improving hydrolysis. 
Chapter 3 describes the designs, processes and materials utilised for the 
laboratory experiments. It includes descriptions of the equipment and details of 
reactors, instruments used and experimental programme. Parameters used to 
assess the experimental performance, and analytical methods, are described, 
together with explanation of the non-standard methods used. 
Chapters 4 to 7 present the results and discussions of the three major groups of 
experiments in this thesis. These were (1) separate controlled hydrolysis prior to 
anaerobic digestion; (2) codigestion experiments with different waste streams and 
(3) direct hydrolysis of MSW at high concentration prior to anaerobic digestion. 
The first experiments in Chapter 4 investigated the hydrolysis of food waste under 
different conditions which were then compared with previous researches in this 
area to assess the value of the novel factors tested on hydrolysis acceleration. 
Chapter 5 then presents the results for the codigestion of sewage sludge with a 
variety of other biodegradable wastes. This has potential benefits because of the 
large number of existing digesters in sewage treatment plants for stabilisation of 
sewage sludge (around 300 in UK) which could potentially produce more gas. 
Chapter 6 presents data on the investigation of the combined anaerobic digestion 
process with hydrolysed refuse and sewage sludge. The hydrolysis was carried out 
at high dilutions. The results are compared with other published data on the 
effectiveness of various pretreatments for MSW to improve digestion. 
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The two-stage digestion process can overcome the potential imbalance between 
the acid-producing and methanogenic population and improve the overall 
degradation rate of MSW. However single-phase treatment is more common for 
OFMSW digestion at full-scale AD plants. Costs and transport are disadvantages 
to two-stage digestion process and codigestion. Chapter 7 therefore reports on the 
comparative investigation of the direct digestion of OFMSW. These experiments 
used maceration and mechanical separation to pre-treat the MSW. The chapter 
includes discussion and a comparison with the results of other researches. 
Chapter 8 is a presentation of the conclusions drawn from the laboratory 
experiments followed by the recommendations for further research. 
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Chapter 2 
Literature Review 
Municipal solid waste management presents a problem. Large amounts of solid 
waste are generated and most is landfilled (see section 2.1). Since landfilling is 
affected by political restrictions and limited sites, many municipalities are looking at 
alternative management such as recycling, composting and anaerobic digestion of 
the organic fraction of the waste stream. Anaerobic digestion is one of the most 
attractive technologies which produces energy and provides treatment of the 
organic fraction of municipal solid waste. 
This chapter reviews the previous work on the anaerobic digestion of organic 
wastes. It focuses on the prospects for codigestion, two-stage prehydrolysis of high 
solids wastes and single-stage anaerobic digestion of domestic refuse. 
Within the European Union, dumping of biological municipal waste in sanitary 
landfills is being reduced stepwise by an EU landfill directive to less than 35% 
organic content by 2015. Anaerobic digestion is part of the landfill process but 
needs to be applied in a more controlled way to meet the terms of the EU directive. 
However there are only two commercial centralised full-scale anaerobic digestion 
plants for the treatment of organic fractions of MSW in the UK (section 2.1.5). Both 
of these were commissioned during the writing of this thesis. 
The basic problem to be addressed is how to speed up the solubilisation of the high 
solids and complex copolymers in OFMSW. The review is divided into the 
applications of anaerobic digestion to different types of organic wastes in terms of 
wastes characteristics and process performance features (section 2.3). The results 
obtained from other researches, such as the rate-limiting steps, potential 
codigestion and two-phase digestion system were reviewed to determine what had 
been done previously. 
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2.1 THE PROBLEMS 
2.1.1 Municipal Waste Composition and Disposal 
Nearly 30 million tonnes of municipal waste were generated in England in 2002/03. 
75% of municipal waste was disposed of to landfill. 16% of the value materials 
were recycled and composted and 9% was incinerated with Energy from Waste 
(EfW). The proportion of MSW sent to landfill has a declined trend in England as it 
was 84% in 1996/97; 77% in 2001/02 and 75% in 2002/03. However, there is an 
increase in MSW collected every year, for example, a 1.8% increase from 2001/02 
to 2002/03 in England (www. defra. gov. uk). 
There are significant differences between the composition of municipal waste 
generated in different countries and regions. The characteristics of domestic waste 
are influenced by socio-economic factors, cultural practices, type and level of 
industrialisation, level of consumption, collection system (source sorted or mixed 
collection) and frequency; geographic location (rural or urban), season, climate, 
legislative control and public attitudes. Figure 2.1 illustrates a composition of the 
average dustbin contents in England by Hatton and Ockleston (1997), in which the 
paper fraction was 34%, the highest. Figure 2.2 shows a survey of average 
composition of municipal waste for some developed (18 Western European 
countries and USA) and developing countries (14 Eastern European countries and 
17 other developing countries). 
Metals 9% 
Glass 9% 
34% 
o Fines 7% utner /-/o 
Figure 2.1 The composition of MSW (Hatton and Ockleston, 1997) 
In general, for developed countries, the major components are waste paper, 
cardboard and the putrescible fraction (garden and kitchen food wastes) which 
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typically comprise over 50% of the wet weight. USA has the highest waste 
production per capita. 
18 Western European countries United States of America 
0z s'- 
25% 26% Organic Material (OM) 
(OW) (P-C) 
29% 37% 
(OM) (P-C) Other Waste (OW) 
27°iä 60 
X 110) 
ö (OM) Paper and Cardboard (P-C) 
1.51 kg/person/day 2.06 kg/person/day Textiles (T) 
14 Eastern European countries 17 Developing countries Plastics (P) 
20% 14% 
129% 11% 
. 
OW) ý 
Glass (G) 
(OW) (P-C (Pý . 
91,. (P) 11°(P) Metals (M) 
42° 
5? °(G 
a%o(G 
56% 
(OM) (OM) Bulky Waste (BW) 
0.98 kg/person/day 0.33 - 1.44 kg/person/day 
18 Western European countries: Norway, Switzerland, Iceland, Belgium, Denmark, 
Germany, Greece, France, Ireland, Italy, Luxemburg, Netherlands, Austria, Portugal, 
Finland, Spain, Sweden, and United Kingdom. 
14 Eastern European countries: Bulgaria, Cyprus, Czech Republic, Estonia, Hungary, 
Latvia, Lithuania, Malta, Poland, Romania, Slovakia, Slovenia, and Turkey. 
17 other developing countries: Botswana, Brazil, China, Ghana, India, Iran, Laos, Lebanon, 
Malaysia, Mauritius, Mexico, Nepal, Pakistan, Singapore, Sri Lanka, Thailand, and Vietnam. 
Figure 2.2 An overview of average MSW compositions in different countries (GEO, 
2005) 
The data from developing countries also shows that organic material is the major 
component in their municipal waste arising which ranged from 30% to 80% of the 
wet weight. This kind of organic material in the municipal waste is generally 
thought of as "biodegradable waste", i. e. any waste that is capable of undergoing 
anaerobic or aerobic decomposition, such as food and garden waste, and paper 
and paperboard. 
Biodegradable waste disposal has become one of major environmental problems 
worldwide in recent times. Traditionally municipal, agricultural or industrial organic 
waste have been deposited in landfills or even dumped into the sea without much 
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environmental concern. In the UK more than 20 million tonnes of biodegradable 
municipal waste (BMW) is produced every year, 86.2% of which goes to landfill, 
5.7% is incinerated, 3.0% is composted and 5.1% is recycled based on the data 
from EEA (2002). Figure 2.3 reflects the traditional treatment methods for 
biodegradable municipal waste in the UK and proportion using these treatment 
methods. 
5.7% 
Incineration 
0% Composting 
1% Recycling 
86.2% Landfill 
Figure 2.3 The traditional treatment methods for BMW in the UK in 1997/98 (EEA, 
2002) 
An overview of biological municipal waste management practices (1997/1998 data) 
in the European countries and regions is given in figure 2.4. It shows the UK and 
Ireland were the most reliant on landfill for the treatment of biodegradable municipal 
waste, range from 5% in Denmark to over 80% in the United Kingdom and Ireland. 
Those countries and regions that have low reliance on landfill, such as Denmark, 
the Netherlands, Flanders and Austria, employ a mixture of incineration, 
composting and recycling to treat biodegradable municipal waste. Belgium 
(Flanders) recycles (including central composting and re-use) over 60% of its 
waste, whereas the UK recycles less than 10% of its waste which is the lowest in 
Europe Union. 
The data in figure 2.4 also shows up until 1998, Denmark treated some 0.4% of its 
total BMW produced by anaerobic digestion; France treated 0.3%, Finland treated 
1.4%, and Germany (Baden-Württemberg) treated 1.3-2% of its total biodegradable 
municipal waste by anaerobic digestion. However, the potential of anaerobic 
digestion processes have been recognised by their governments and actively 
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promoted by support. For example, the Danish Government is providing more 
economic support for the establishment of new AD plants (EEA, 2002). 
Denmark 
Netherlands 
Belgium (Flanders) 
Austria 
Baden-Wurttemberg 
France 
Norway 
Finland 
Italy 
Catalonoa 
UK (England&Wales) 
Ireland 
Q Landfill 
[I] Incineration with energy 
recovery 
;ä Incineration without energy 
recovery 
0 Central composting 
Recycling 
  Anaerobic digestion 
EE Mechanical-biological 
pretreatment 
Q Unspecified 
% of biological municipal waste treated 
Figure 2.4 Percentage of different treatments for biological municipal waste in 
European countries and region surveyed (EEA, 2002) 
Landfilling is the principal disposal route for solid wastes as it was the cheapest 
however, the degradation of municipal waste going to landfill have had 
environmental impacts because of landfill gas emissions and pollution of surface 
and ground water from the leachate released. 
In addition, biodegradation of the general waste may mobilize some toxic chemicals, 
including volatile organic compounds, pesticides and solvents, and heavy metals. 
Elliott et al. (2001) examined the risks to foetuses born and living near landfill sites. 
They compared pregnancy outcomes among British women living within 2 km of 
9565 landfill sites operational between 1982 and 1997 with outcomes among those 
who lived at least 2 km away from the reference area. They found small excess of 
around 10% risk for some adverse pregnancy outcomes in the populations living 
near landfill sites. The reliability of this epidemiological survey was however 
controversial because of confounding factors. In another investigation of within 4 
km of a large municipal solid waste landfill site in Montreal, Goldberg et al. (1995) 
found an excess of between 11% and 20% in low birth weight and between 8% and 
13% more babies who were small for their gestational age. 
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Another finding from Elliott's study was that some 80% of the British population 
lived within 2 km of known landfill sites. Planning consent for new landfills has 
been difficult for some time so most of these sites must be more than 10 years old. 
This is consistent with the research of Hatton and Ockleston (1997) that noted 
potential reserve space for landfill in general was diminishing, but household waste 
was increasing at around 3% per year in the UK. They reported that no more than 
15 years' supply of potential landfill void capacity existed in south east of England 
and this reduced to less than 10 years' supply for household waste. 
Moreover, use of landfill sites will remain limited for many decades after its closure 
and require regular maintenance and monitoring after depositing has ended. The 
costs associated with these measures will not be carried long term by the corporate 
sector and are left to future generations which could not be accepted. 
Most countries throughout the world now recognise the importance of improved 
management of solid waste. Environmental standards for waste incineration, 
controlled landfilling, packaging and recycling have all been modified and new 
methods of waste sorting and resource/energy recovery has been developed in the 
European Union. The landfill directive especially has been put into effect by 
European Union from July 1999 to manage waste in a more sustainable way whilst 
protecting the environment and public health (section 2.1.2). Waste management 
has become much more expensive and one of the national political priorities in EU 
countries. 
2.1.2 Legal Framework for Landfill 
The Landfill Directive (1999/31/EC) has been agreed by all members of the EU. 
The directive focuses on targets for the reduction of organic materials in municipal 
landfills and is shown in figure 2.5. 
This strategy is a three-stage approach to ensure that: (a) by 16 July 2006, 
biodegradable municipal waste going to landfills must be reduced to 75% of the 
total amount by weight of biodegradable fraction produced or landfilled in 1995; (b) 
by 16 July 2009, it must be reduced to 50%; (c) by 16 July 2016, it must be reduced 
to 35%. Therefore, the landfill directive is having a major impact on the 
management of biodegradable municipal waste, although the directive deals with 
landfilling. The landfill directive requires the treatment of any waste that has the 
potential of negatively affecting the environment and public health. One important 
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element of the Landfill directive is that it requires that the cost of landfilling must 
include all expenses incurred in establishing and operating the landfill, including the 
estimated cost for closure and aftercare of the site for at least a 30-year period. 
The UK has also applied a specific tax to landfilled waste to increase costs and may 
make alternative methods of managing waste more competitive than in the past. 
Figure 2.5 The stepwise targets of EU Landfill Directive 
The European parliament described the United Kingdom as "one of the Europe's 
last 'throw away' societies" (Evans, 2001), because over 80% of the UK household 
waste are sent to landfill. Obviously, the UK faces the greatest challenge of how to 
reduce the large organic loadings going to landfill. The public attitudes and policies 
have highlighted the issue of waste in a modern industrial society (figure 2.6). 
Therefore traditionally disposal methods (shown in figure 2.3) are changing rapidly 
as a result of these driving polices. 
International Conventions- 
Rio, Kyoto 
EU Policies National Policies 
Landfill, Waste Incineration, Sustainable Development, 
Biowaste, Animal by-products, Reduction, Recovery, Re-use, 
Renewable Energy Source Recycling 
Figure 2.6 Driving policies contexts 
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The Government of the United Kingdom produced a report in 2002 entitled 'Waste 
Not, Want Not'. This led to the Waste Management Programme, which sets goals 
required to meet the EU's legally binding targets to reduce levels of biodegradable 
waste that is placed in landfills. The targets all refer to the percentage of waste 
biodegradables which were landfilled in 1995, and by 2010 this should be down to 
75% of 1995 levels. This drops further to 50% in 2013 and 35% in 2020. 
In order to comply with the landfill Directive, the UK government has established the 
following targets for management of municipal waste (Waste Strategy, 2000): 
" to recover value from 40% of municipal waste by 2005; 
" to recover value from 45% by 2010; 
" to recover value from 67% by 2015. 
"Recover" means to obtain value from waste through one of the following means 
(Waste Strategy, 2000): recycling; composting; other forms of material recovery 
(such as anaerobic digestion) and energy recovery (combustion with direct or 
indirect use of energy produced, manufacture of refuse derived fuel, gasification, 
pyrolysis, or other technologies). 
The statutory targets for local authorities for the recycling and composting of 
household waste has introduced by the UK government as follows: 17% by 2003; 
25% by 2005/6; 30% by 2010; and 33% by 2015. 
2.1.3 Options of Diverting Organic Material from Landfill 
Encouraging the diversion of municipal waste away from landfill has required 
additional incentives to the landfill directive and tax. These include recycling, 
reductions in packaging, and specific directives for particular goods such as 
electrical and electronic waste and cars. Grant aid has also been available for the 
recycling of cars demonstrating sustainable disposal. Figure 2.7 illustrates the 
alternative pathways for MSW treatment for recovery and recycling processes. 
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Processing Intermediate Materials for Conversion 
Products Markets to Energy 
Pyrolysis 
Figure 2.7 Alternative pathways for MSW treatment for recovery and recycling 
processes (lEA Bioenergy, 2003) 
The treatment options available for different kinds of biodegradable waste diverted 
away from landfill is listed in table 2.1. The alternatives to landfill are broader for 
separately collected fractions, ranging from simple composting technologies to 
complex thermal treatment option such as pyrolysis. Three options in use are 
major alternatives to landfill. They are 1) incineration, mainly for bagged waste with 
energy recovery; 2) central composting, mainly for garden wastes and a small 
amount of food wastes; 3) material recycling, mainly for paper and cardboard 
wastes. 
Table 2.1 Options available for diverting biodegradable municipal waste away from 
landfill (EEA. 2002) 
stream /Pyrolysis digestion use 
Wet mixed 
(bagged waste) 
Refuse derived 
fuel (RDF) J J 
Food and garden 
Food J ý/ J 
Garden - 
Paper J J J V 
Textiles J J J J 
Wood J J J J 
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2.1.3.1 Incineration Situation 
Incineration is a major disposal option for municipal solid waste in many countries. 
Its exploitation is dominated by non-energy related considerations, i. e. waste 
disposal practices, with energy recovery being of secondary concern. Waste 
incineration has some environmental benefits such as displacing conventional fossil 
fuel sources, reducing the volume of waste for landfilling, etc. In Japan the main 
aim of waste incineration is high-rate reduction of the original MSW volume to 
below 7%, because of few landfills there (Osada, 2000). However, if the waste has 
very high moisture content, low homogeneity and consequently a low or 
inconsistent heating value, for example mixed MSW, the process efficiency is 
reduced and the quality of the ashes and flue gases is also affected. In particular, 
there have been concerns over some of the atmospheric emissions from 
incineration, notably heavy metals and organic compounds such as dioxins. 
Thermal process technologies have a further potential drawback as they consume 2 
tonnes of air requiring power inputs for every tonne of waste burnt (Jones, 2004). It 
was reported that incineration plants with energy recovery create one tonne of CO2 
for every one tonne of waste processed. Enclosed biological plants still emit CO2 in 
the power generation phase when burning the methane, but the ratios are lower 
than this (Jones, 2004). 
Therefore the incineration of waste is a very controversial subject in political and 
public discussions. This has resulted in the introduction of strict emissions 
standards and advanced abatement technologies. Although these steps have 
considerably reduced the levels of such emissions, new waste incineration projects 
still do face considerable public opposition while ever the Green Political Parties 
remain opposed. In addition, and because of these issues incineration is 
expensive. 
2.1.3.2 Advantages of Anaerobic Digestion over Composting 
Both AD and aerobic composting offer a milder biological route and provide the 
recovery of nutrients from the organic fraction of MSW. However, 
" Liquid wastes such as manure or fats are not appropriate for composting. They 
are better treated by anaerobic digestion. 
" 'Wet" fraction of MSW like fruits and vegetables with high biodegradability make 
the final yield of the composting very poor. 
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" Slaughterhouse waste can be digested well during AD. But especially these 
wastes are only compostable with the addition of large quantities of air and 
therefore energy. 
" Aerobic composting is energy consuming, requiring 50-75 kWh of electricity per 
tonne of MSW input; whereas anaerobic digestion is an energy producer, with 
around 75-150 KWh of electricity generated per ton of MSW input 
(www. biogasworks. com). 
" Anaerobic digestion provides odour reduction and lower land requirement than 
alternatives. 
" AD treatment has a volume reduction of the waste for subsequent disposal 
compared to aerobic composting. 
2.1.4 Potential of Anaerobic Digestion of Waste 
2.1.4.1 Biogas Plants in Europe 
The biogas process has been found and utilised for a long time since 1901, but 
grown especially during periods of energy crisis as in the 1970s, and received 
renewed attention now due to the need to reduce the dependency on fossil fuels. 
In the mid-eighties, large centralised biogas plants for treatment of agricultural 
residues were built in Denmark and the former East Germany firstly to demonstrate 
the AD technology. The first countries to implement AD schemes for MSW on a 
widespread basis were Germany and Austria (Mace et at., 2005), where a lot of 
experience has been gained during approximately the last 20 years. 
Nowadays biogas plants are more widely built in Europe and are expanding into the 
rest of the world including North America. Figure 2.8 shows a survey by lEA (2002) 
for the numbers of Anaerobic Digestion plants established to treat all different types 
of single stream or mixed organic wastes as appose to sewage sludge. Section 
2.1.4.2 will analyse these different feedstocks of organic wastes in detail. The 
commercial scale for these plants to be included was to process at least or more 
than 2500 tonnes/plant/year. 
During the period from 1990 to 2002, over 30 biogas plants in Germany were 
constructed for biowaste treatment due to Government support which is the largest 
number in the EU, with capacity ranging from 5000 to 100,000 tonnes/plant/year. In 
Denmark although the construction of new AD plants is much slower than it is in 
Germany today, the relative number is the second greatest and they are also the 
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most highly developed worldwide. The first centralised plant built in 1984 in 
Denmark is still in operation with a feed of animal manure and additionally with 
some other organic industry wastes. 
50 
w 40 C 
30 
20 
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0 
Figure 2.8 Number of constructed AD plants for organic wastes treatment in 
Europe and North America surveyed until 2002 (IEA, 2002) 
De Baere (2000) focused on the investigation of AD plants for the treatment of the 
organic fraction in MSW across Europe. It was reported that 53 full-scale anaerobic 
digestion plants had been built till 2000 and the treatment capacity for organic solid 
wastes has risen from 122,000 tonnes/year in 1999 to 1,037,000 tonnes/year in 
2000. The capacity has increased at a greater rate since. 87 AD plants were 
operational or under construction for the treatment of more than 2.5 million 
tonnes/year of mixed organic waste by the end of 2004 (De Baere, 2004). More 
that half of this capacity had been added during the period 2001 to 2004. Currently, 
there is an update evaluation of 124 plants with a total installed capacity of 
3,905,000 tonnes per year by the end of 2005 (De Baere, 2006). This means more 
than a doubling of the number of plants and almost a quadrupling of the capacity 
installed over last 6 years. Table 2.2 gives a summary about the increase in the 
capacity and size of AD plants for treatment of MSW in the Europe in different 
periods. 
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Table 2.2 Capacity and size increased of AD plants for treatment of MSW across 
Europe (summarised from De Baere, 2006) 
Period 
Capacity Average size Total plants Plants added 
increase (t/year) of plant (t/year) Increased per year 
1991-1995 33,000 12,700 13 2.6 
1996 - 2000 186,000 21,100 44 8.8 
2001 - 2005 428,000 42,800 52 10.4 
A large increase in the number of AD plants combined with the increased plant size 
since 2001 is due to the fact that anaerobic digestion is now regarded as a 
demonstrated technology for the treatment of OFMSW and for mixed or residual 
wastes. 
Today Germany has 55 AD plants for treatment of organics derived from MSW with 
a total capacity of 1,284,605 tonnes per year. The average annual capacity is 
23,400 tonnes for each plant. Compared to Germany's situation, the UK currently 
has only 1 AD centralised plant (until end of 2004) to treat organic fraction of MSW 
with a capacity of 50,000 tonnes per year (will be introduced in section 2.1.5.2). 
Assuming a potential digestible solid waste fraction of 300 kg/person/year in 
European countries, including some industrial organic waste similar to MSW, a 
potential capacity of 300,000 tonnes/year/million-people is available for digestion 
(De Baere, 2006). Thus on average, Germany treats 5.2% of all its biodegradable 
solid waste by using anaerobic digestion, while in the UK, less than 0.5% of 
treatment capacity is provided by AD plant. Obviously the UK has a large potential 
to increase the number of AD plants for treatment of organics derived from MSW. 
Currently the average about 2.75% of total organics is treated by means of 
anaerobic digestion across the EU compared to roughly 10 % of the total organics 
from MSW that are aerobically composted. Most organic wastes are still landfilled 
followed by incineration as the second choice. 
2.1.4.2 Feedstock Types of AD Plant in Europe 
There were 5 types of single wastes streams and 11 types of mixture wastes as 
feedstocks in these European AD plants reported in lEA (2002). The types of 
wastes surveyed by IEA (2002) and their definitions are shown in table 2.3. 
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Table 2.3 The definitions of the types of wastes in the lEA (2002) 
Types of wastes Definitions 
Biowaste source-sorted organic fraction of municipal solid waste 
(OFMSW) 
Grey Waste remaining fraction of MSW after separation for recycle at 
source 
Municipal solid separation at a centralized mechanical plant 
waste (MSW) 
ON organic industrial waste 
The type of waste (single or combined feedstocks), numbers of AD plants and total 
amounts of different organic feedstocks treated each year for them are summarised 
in table 2.4 and table 2.5.65 AD plants have single wastes streams with an 
installed capacity of 1,980,600 tonnes per year of which MSW treated is 45.8% and 
biowaste treated is 37%. 
There is more treatment capacity for combined organic wastes than for single waste 
streams per year. Manure mixed with organic industrial waste (01W) are major part 
in the combined organic waste streams (58.8% of wet weight) and this major part 
contributed by Denmark. Currently Denmark runs more than 20 centralised biogas 
plants, the second largest number of biogas plant in Europe. There are 969,800 
tonnes of animal manures mixed with OIW to be digested per year. Further more, 
the strongly positive benefits of anaerobic digestion is well recognised and the 
capacity for treatment of food waste from households rose from 20,000 tonnes in 
2000 to 70,000 - 100,000 tonnes in 2004 (EEA, 2002). Co-treatment of food waste 
and farm slurry at joint biogas plants therefore is the preferred technology for the 
Danish Government. 
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The distribution of each type of feedstocks treated in the EU for AD plants until 
2002 is shown in figure 2.9. In the total amounts of feedstocks treated, biowaste 
only treated was 12.5%, combined biowaste with other waste treated was 25.1 %, 
combined manure with other organic wastes treated was 39%, MSW and combined 
MSW with other organic waste treated were 16.7%, the remaining was the minor 
6.7% with some organic wastes including grey waste and mixed waste. 
15.4% MSW-. [6.3% 
Biowaste + Manure 
14.2%Biowaste + Manure + OIW 
4.9% Grey Waste 
2.2% Biowaste + OIW 
15% Biosolids + OIW 
12.5% Biowaste- 3% 
0.21 % Biowaste + paper 
1.0%-' 0.71 % Biowaste + sludge 
Sewage + Biowaste + OIW 
0.64% Mixed waste 
0.93% MSW + biowaste + SS 
39% 0.36% MSW + OIW 
0.15% OIW 
Manure + OIW --f 
Figure 2.9 The percentage of amounts of each type of feedstocks treated in the 
EU's AD plants (summarised from lEA, 2002) 
It is known from the investigation of IEA (2002) that there are 16 plants (12.5% of 
the total plant numbers) with feeds derived from sole MSW (14 plants) or combined 
MSW (with OIW or Biowaste+SS, 2 plants) and these feed loads are 983000 tonnes 
per year (16.7% of the total amounts of different types of organic wastes feeds). In 
these 16 plants, 11 plants were built in 2001 and 2002 with approximately 809000 
tonnes treatment loads of sole or combined MSW (82.3%) compared to only 5 
plants built before 2001 with 173990 tonnes treatment loads of MSW (17.7%). 
Although these loads amounts are still minor compared to the AD treatment for 
manure and biowaste which already have had more experiences, a gradual trend 
for treatment of MSW is developing rapidly. 
2.1.4.3 The Route of Digested Residue 
The final recycling depends mainly on the quality of the feed to the process and to a 
lesser extent on the appropriate process design, Mace et al. (2005) summarised 
that a compost-like product may have different use in following aspects: food crop; 
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forestry; soil conditioner; energy crops; landfill cap; horticulture; domestic gardens; 
pasture land; on verges /amenity land; landscaping (civil works) and brownfield 
sites. 
Few studies on the fertiliser potential from anaerobic digested residues were 
reported. In the work of Suzuki et al. (2004), the effect of digested swine manure 
from a pilot-scale plant on the growth of Italian ryegrass and cabbage was 
investigated. In the case of Italian ryegrass, plant lengths during the experiment 
and weights (fresh and dry) at harvest when grown with digested swine manure 
effluent applied were greater than those grown with chemical fertiliser (ammonium 
sulphate) only. In the growth experiment with cabbage, the mean size of harvested 
cabbages grown with digested effluent was larger than those without any nutrients, 
but smaller than those grown with only chemical fertiliser. There is no negative 
effect of swine manure following anaerobic digestion was observed in any of the 
experiments. However the high concentrations of P (2800 mg/I), Cu (30 mg/I) and 
Zn (56 mg/I) in the digested swine manure effluents needs to be considered in 
further utilisation. 
Dalla Costa et al. (2004) analysed the nutritional compositions of stabilised swine 
manure from a batch anaerobic digester after 60 days, comparing them with the 
mineral demands (NPK proportion) for soy, corn and wheat, and with synthetic 
fertilisers. COD, pH, relation C/N, nitrogen, phosphorus, potassium, micro-nutrients 
(Ca, Mg, Mn), heavy metal (Cu, Zn, Fe), and fecal, Escherichia coli and total 
coliforms were monitored. The results demonstrated that the stabilised residue 
from AD process presented nutritional and sanitary (total coliforms) characteristics 
that should guarantee its use in agriculture and to condition soils. 
The fertiliser potential of liquid and solid effluent from thermophilic digestion of 
poultry waste for several vegetables and grass crops was investigated by Liedl et 
al. (2005). The research showed that digested poultry liquid (DPL) effluent 
performed significantly better than two granular commercial fertilisers used in the 
trials and control (no fertiliser) on turf. The DPL was as effective as a nitrogen 
source for hay and turf grass when compared to several commercial fertilisers that 
are specifically formulated for grasses. Hydroponic production of lettuce using 
effluent was comparable to a commercial preparation. However the effluent for 
hydroponic tomato production required supplementation of magnesium sulphate 
and conversion of ammonia to nitrate. In addition, they thought that the two types 
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of effluent, solid and liquid, have different nutrient compositions which could be 
helpful in meeting nutrient management goals for farmers. 
Six and De Baere (1992) reported the analysis data of humus-like final product, 
called Humotex from the OFMSW digestion in the DRANCO process in Belgium. 
The digestate was dewatered and further stabilised in a 10 days aerobic post- 
treatment. Separate collection of OFMSW ensured there were no plastics and 
glass in Humotex. Table 2.6 compared its parameters with the local compost 
standard. Low concentrations of heavy metal can only be obtained through 
separate collection of garbage. Authors suggested that it was stable as its C/N 
ratio was less than 15. Moreover, Humotex was free of pathogens due to the 
conversion condition being at 55°C with a 15-21 days HRT. 
Table 2.6 Characteristics of Humotex and local standard for compost (mg/kg TS) 
(Six and De Baere, 1992) 
Humotex Belgian standard for compost Parameter (vegetable, fruit and garden (KB 20/01/86) 
waste plus paper) 
Cadmium 1.0 5 
Chromium - 150 
Copper 14 100 
Lead 61 600 
Nickel 7 50 
Zinc 85 1000 
Calcium 42000 - 
Magnesium 2600 - 
NH4-- N 465 - 
N03-- N - - 
Kj -- N 18000 >1% 
C -- total 250000 - 
P -- total 2000 - 
K -- total 7800 - 
Compost made from MSW has to be compliant with quality standards that meet 
consumer and market requirements. Some criteria are important to ensure the 
product marketability, for example, there are no health hazards; it is largely free of 
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impurities (plastic, glass, metals, weed seeds and viruses) and the level of heavy 
metals and other toxic substances must meet current requirements. 
Some EU countries have published requirements for retail compost. So far the UK 
has not but a panel of experts is reviewing what might be necessary. Table 2.7 
shows the standards or guidelines for the limit concentration of heavy metals in the 
compost produced by AD in these countries. In which, the Netherlands, Norway 
and Germany have set very high requirements for the final compost products. 
Table 2.7 Limits concentrations (mg/kg total solids) of heavy metals in compost 
according to regulations in different EU countries (AD-NETT Technical summary) 
Country Cd Pb Hg Ni Zn Cu Cr 
Austria 1 150 1 60 400 100 70 
Denmark 0.8 120 0.8 30 4000 1000 100 
Finland 3 150 2 100 1500 600 - 
France' 8 800 8 200 - - - 
Germany, class lb 1.5 150 1 50 400 100 100 
Ireland - - - - - - - 
Italyc 10 500 10 200 2500 600 10d 
Netherlands, 0.7 65 0.2 10 75 25 50 
"superclean compostn° 
Netherlands, 1 100 0.3 20 200 60 50 
"clean compost' 
Norway, class If 0.8 60 0.6 30 400 150 60 
Norway, class IIf 2 80 3 50 800 650 100 
Spain 40 1200 25 400 4000 1750 750 
Sweden (guidelines) 1 100 1 50 300 100 100 
Switzerland 1 120 1 30 400 100 100 
UK1 9 418 3 59 1205 625 124 
a) No official legislation; 
b) Class I-compost is used for food production; 
c) Regulations for source sorted compost varies between regions; 
d) Chromium (III) 500 mg/kg TS. Chromium (VI) 10 mg/kg TS; 
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e) The division into two classes was made in order to stimulate an improved 
compost quality;. 
f) The maximum application of class I is 40 tonnes/ha during 10 years and for class 
II maximum 20 tonnes/ha during 10 years; 
j) These are median concentrations (Carrington et al., 1998). 
Vermeulen et al. (1993) found that digested biowaste was a NPK rich organic 
fertilizer with lower level of heavy metals. The mixtures of digested biowaste-paper 
and peat exhibited no phytotoxicity when they were tested on the horticultural 
plants. 
Few studies reported the quality of the effluent produced during the anaerobic 
digestion of solid wastes. Kübler et al. (2000) presented the results obtained in the 
treatment of OFMSW with BTA technology (one or multiple phase wet 
configurations including AD developed in Germany, being described in section 
2.2.4.1). Table 2.8 lists the characteristics of the effluent from their investigation. 
Obviously, this effluent required further treatment whether in an existing STIR or a 
separate on-site facility before discharging. 
Table 2.8 Composition of effluent from the studies of KObler et al. (2000) 
Parameters effluent 
COD (mg/I) 993 
BOD5 (mg/I) 89 
TKN (mg N/I) 58 
Total-N (mg N/I) 108 
NHX N (mg N/I) 23 
Total-P (mg P/I) 12 
Salt (mS*/cm) 15.3 
*mS: milli- Siemens: unit of electric conductance. 
In Switzerland, Edelmann, and Engeli (2005) reported that after post treatment from 
AD plant treating OFMSW, the ordinary compost quality was supplied free charge 
to the farmers. The liquid part from liquid/solid separation showed a high nutrient 
content and was given to farmers for irrigation and fertilisation purposes. 
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These researches show the effectiveness of digested effluent as part of a nutrient 
management program which could turn the residuals problem into a nutrient 
resource/ or soil improver. The residues would reduce irrigation requirements and 
prevent erosion. However, the quality of compost is important and dependent on 
the waste composition. Some pre-separations are preferred and post-refinement 
for some composted/digested material is also needed to meet the demands for the 
highest quality of the final compost product. Therefore the effective separation of 
the undesired components such as metal, glass, plastics and toxic compounds 
which affect the quality of residue seems more necessary than the conversion 
process in this scheme. Currently, there is still lack of uniform criteria and policies 
about the composting process, biological stabilisation, the product and its 
application. 
The values as fertiliser or other uses and the costs involved in improvement and 
transport, as well as plant management and environmental monitoring are the most 
important aspects for the successful applications of anaerobic digested residues. 
2.1.5 The UK's Situation 
The UK's first commercial centralised full-scale anaerobic digestion plant for 
organics derived from MSW was commissioned in October 2004. There are also 
very few digesters within the UK using animal manures or industrial wastes as 
feedstock compared to the rest of Europe. The Hoslworthy biogas plant in Devon 
built in 2001 is the only UK plant listed in figure 2.13. It uses around 80% manures 
and 20% organic food waste as feedstocks. 
2.1.5.1 Holsworthy Biogas Plant 
The plant was built by the former German company Farmatic Biotech Energy ag 
(has closed now) and was operational since July 2002 originally by a farm 
cooperative company Holsworthy Biogas Ltd. The plant was designed initially to 
process 146,000 tonnes per annum of cattle, pig and poultry manures plus 
miscellaneous commercial food waste. The manure is collected from 30 nearby 
farms within a5-6 mile radius of the plant. The food processing waste is collected 
direct from local food processors. 
Figure 2.10 shows the flow chart of the AD treatment process. Some information 
about the plant designed includes (Fink, 2003): 
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- There are two 4000 m3 Continuous Stirred Tank Reactors at 37°C with an 
average retention time of 20 days in either tank; 
- Three pasteurisers with pasteurisation at 70°C for one hour to kill pathogens, 
weed seeds and viruses; 
- The plant processes total about 400 tonnes per day, about 20% from 
commercial food waste (butcher waste, blood, fish waste) which provide gate 
fees; 
- Biogas yield is approximately 40 m3 per tonne of mixed feed 
(400 m3/tonned, 9h ); 
- Biogas production is budgeted to about 6 million m3/year 
(3.9 million m3CH4/year); 
- CHP, installed power capacity is 2.1 Mega Watts; 
- Budgeted electricity production is approximately 14.4 million kWh/year; 
- Electricity is sold at a price of £0.0593/kWh (2003 price level) under an NFFO 
contract; 
- Excess heat to district heating (under new scheme); 
- Bio-fertiliser with N, P&K declaration and analytical returns to the supplying 
farmers. 
Waste 
Mix tank 
I Heat exchange I 709C 
Biogas 
Store tank for 
digested 
manure Digesters 
delivering to farm 
as valuable fertiliser 
Figure 2.10 A schematic flow diagram for Holsworthy AD plant 
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In practice, electricity production is about 0.8 million kWh/month (800 MWh/month) 
on a total volume of material processed of 7000 tonnes/month (Johnson, 2004) 
equivalent to 233 tonnes/day which is lower than the designed. The plant does not 
appear to be running at its maximum capacity at all times through the year. The 
characteristics of the feedstock change slightly dependent on the weather and 
season, for example heavy rains dilute the feedstock. Therefore the control, 
management and prediction or analysis of the feedstock becomes an important 
aspect for pretreatment, digester operation and output. The plant returns treated 
bio-fertiliser to the supplying farmers in the disinfectable tankers; raw animal 
manure is collected by using different transport to comply with the Animal By- 
product Regulations (introduced by Jack, project manager of Holsworthy Biogas of 
Summerleaze Ltd). 
There was no revenue generated from heat or digestate sales. In addition, the 
transport costs linked with the collection of cattle manure and pig slurry are high, as 
manures have a high moisture content and correspondingly low biogas production 
per tonne. Transport costs outweighed the economic benefits of processing animal 
slurries and profitability on this basis was poor. In March 2005, Holsworthy Biogas 
was purchased by Summerleaze Ltd after passing into receivership. The plant 
however continues running and an operating profit of £360k in 2005 was predicted 
(Johnson, 2004), following a greater focus on treating other fee paying food wastes. 
Johnson (2004) reported that participating farmers had average saving on 
purchased artificial mineral fertilisers of between £6,000 and £10,000 per annum, 
because the bio-fertiliser produced by AD plant had a higher nutrient value than the 
original animal manure. It was also reported that since inorganic fertilizer costs are 
linked to energy costs the value of bio-fertiliser would increase. 
The challenges for Holsworthy reported by Johnson (2004) were to be to reduce the 
strong odours by installation of a new mixture tank with a gas-tight roof, and to 
investigate methods of reducing transport costs. Efforts to establish a district- 
heating scheme continue. High energy prices should continue to encourage AD as 
a form of waste processing to produce renewable power with surplus electricity 
exported to the National Grid. 
31 
Chapter 2 
2.1.5.2 Wanlip AD Plant 
The UK first commercial centralised full-scale Anaerobic Digestion plant for the 
treatment of municipal solid waste was commissioned in October of 2004 at the 
Wanlip Sewage treatment works, Biffa Leicester. It treats 140,000 tonnes of mixed 
municipal waste a year from Leicester. This thesis and research was supported by 
this full scale project to help identify the best hydrolysis and digestion conditions. 
The following treatment process was introduced by general manager Michael Davis 
of Biffa Leicester Ltd. 
The treatment plant includes a separate recycling centre and a digestion & 
composting facility at the Wanlip sewage treatment works. The central component 
of recycling facility is a Ball Mill. It comprises a large 6.4 m diameter and 2m wide 
drum containing 42 tonnes of steel balls of 5.5 kilogram each. The mill's design 
capacity is 140,000 tonnes per annum (Jones, 2004). The main components of the 
Wanlip AD plant are shown in figure 2.11. Aerobic hydrolysis and anaerobic 
digestion are used in series. The digesters are able to process up to 50,000 tonnes 
of organic waste a year. 
All mixed refuse collected from the city's 120,000 homes is taken to the recycling 
Centre and balanced in a waste reception hall. Then the waste is fed via a 
conveyor belt into the Ball Mill. As the drum slowly rotates, the refuse is ground 
down and screened into two size streams: large (generally between 40-80 mm) and 
small (8-40mm) streams. 
Any metals from the large stream (40-80 mm) are extracted by using magnets and 
eddy-current separators for recycling. The remainder will then be sorted into heavy 
and light fractions. The heavy materials, such as stones, will be landfilled. The 
light materials are air separated and include plastics, paper and cardboard. These 
will then be turned into floc and sold as fuel to cement kilns to replace coal. 
Material from the smaller stream (8-40mm) is further screened down to a fine 
material, from which metals would be removed and light waste would be exacted by 
an air-blow process. This fine material less than 8 mm in size, being mainly organic 
wastes such as food waste, paper, garden waste and other similar material and 
comprising some 40,000 tonnes per year, would be transferred to enclosed 
containers and transported to the Wanlip AD plant for anaerobic digestion. The 
remainder which consists of broken bottles, stones and other heavy items making 
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up about 20% of all the waste collected will go to landfill. The process at the 
recycle Centre is automated including loading the end materials into trailers and 
compressing the floc into bales ready for transport (Jones, 2004). At any one time, 
only 5 workers are required to operate the process. 
(2.1) (2.2) 
Plate 2.1 The ball mill at the recycling Centre; 
Plate 2.2 Hydrolysis tanks and digestion tanks at the Wanlip STW. 
Every week 700 tonnes pretreated wastes from the recycling Centre with the size 
less than 8 mm and 50% dry solids were transported to the Wanlip AD plant for 
further treatment. The fine organic material (less than 8 mm) is mixed with recycled 
liquids and goes through a washing process first to clean out glass and grit which 
represent a 5% residue. The slurried organic waste is then pasteurized in 2 aerobic 
hydrolysis tanks to comply with the Animal By-Product Regulations (figure 2.11). 
The pasteurized hydrolysed stream is then pumped into 3 anaerobic digesters for 
degradation at a hydraulic retention time of 18 days. The methane gas produced 
by the digestion process is used to generate approximately 1.5 Megawatts 
electricity (enough to power up to 1500 home). The compost product of 
approximately 28,000 tonnes produced per year is used for agricultural purpose 
and is wanted as part of the city's recycling targets. 
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<8mm-50%dry solids 
from Bursom Ball Mill 
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Final effluent from sewage 
works or recycled liquors 
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Mixing tank 
VOC to 
biofilter 
Hydrolysers 
450 M3 x2 
5T C 5hrs 
Air 
Gas 
83,000m3/week 
4%ds Cyclone 
(sand 
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waste Water elutriation 
45%ds 
air 1-2%ds 
Sidestream 
thickener 
Screw Presses 
40%ds cake 
to land 
Digesters 
3,600 m3 x3 Centrifuge 
Figure 2.11 The schematic flow diagram of the process at the Wanlip AD plant 
2.1.6 Summary 
Anaerobic digestion is commonly used to treat household organic wastes in 
countries such as Germany and Denmark, but has failed to become widespread in 
the UK due to the low cost of landfill. However with the environmental legislation 
becoming stricter, it is no longer possible for the UK to continue to dispose of over 
80% of the waste by burying it in landfill sites. 
There is only one centralised AD plant for MSW treatment and there is still limited 
experience within the UK and there are several barriers to further commercialization 
of anaerobic digestion of MSW. These are linked to the sorting and pretreatment of 
the waste as well as satisfactory and publicly acceptable recycle of wastes and the 
digestate. Compared with the situation in Germany similar in size to the UK, it is 
evident that the UK has a large potential for an increase in the number of anaerobic 
digestion plants for combining waste disposal and contributing to the renewable 
electricity market. 
Holding tank 
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Anaerobic digestion process can firstly reduce the amount of waste passing into 
other treatment systems, i. e. landfills and incineration plants. Secondly it can 
recycle the nutrients from waste to the agricultural sector if it meets quality and 
legislation standards, or further be composted or incinerated if zero waste 
emissions are aimed for. Thirdly it produces biogas methane used as an energy 
source on-site to produce hot water, steam or electricity to meet the local energy 
requirements or be exported to a local grid. The process energy requirements for 
anaerobic digestion and associated operations are typically less than 10% of the 
methane product. In future it may be adapted to produce more valuable by- 
products such as volatile fatty acids and hydrogen. 
The energy factor is of major significance and the benefit of this will vary as various 
tax credits and other economic benefits evolve to discourage use of fossil fuels. At 
the moment crude oil is at its highest price since 1974. At the same time, the 
environmental pollution and global warming caused by fossil fuels has become a 
serious threat to biodiversity, the water cycle and stability. The Kyoto Protocol was 
an international agreement aimed at reducing greenhouse gas emissions. It 
requires a 5.2% cut in greenhouse gas emissions from the industrialised world as a 
whole by 2012. It came into force on 16 February 2005 with exceptions for 
developing countries. Europe agreed to a greater target of 10% reduction because 
of its wealth whereas the USA refused to sign, on the grounds it did not represent 
value for money compared to other world issues. 
The EU target for the production of energy from renewable sources is 12% by 2010. 
Several EU countries have national programmes for renewable energy of which 
anaerobic digestion may form a part. Denmark and Germany are the countries 
where programmes or strategies have been developed specially for AD. 
The UK government has set a target for the use of renewable energy equivalent to 
10% of UK electricity consumption by 2010. There are some sources for renewable 
power generation and their distribution until 2005 in the UK shown in figure 2.12 
(www. dti. gov. uk). Landfill gas represents almost 40.2% of biomass energy are 
shown in figure 2.13, equivalent to 33% of all renewable energy in the UK, 
nevertheless they will decline as a result of the Landfill Directive. Substitution with 
sole and co-digestion as described in this thesis offers a potential replacement 
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which will help in meeting the target of the EU for the production of energy from 
renewable non-fossil sources. 
8.5% 
oller bioluels 40.2% 
13% Landfll Gas 
wasle conic j4 
23.5`. 
5.0% 
Coining 
5.8°ßo Sewage Sludge 
Industial wood Doroesfc wood 
Figure 2.12 Renewable energy 
distributions in the UK 
Figure 2.13 Renewable energy 
distribution from biomass and waste in 
the UK 
AD plants comprise a number of different unit operations that are combined in some 
different ways. The core element for these integrated approaches is to maximise 
recycling rate and to minimise landfill biodegradable matter disposal. However, 
there are still some problems during sorting and pretreatment of the waste as well 
as the markets for the outputs. 
A very important issue is to prepare the input to the digester. When AD is applied 
to the unsorted MSW, an on site separation and selection is necessary to avoid 
clogging and the entrance of inappropriate material to the digester unit. The 
mechanical front end of the plant may be flexible to select the organic fraction, 
whatever the season and composition of the input wastes. 
Mace et al. (2005) reported that in Spain all of AD plants to treat unsorted MSW 
have had serious problems with the mechanical treatment to prepare a suitable 
input for the digesters. This mainly was due to the presence of undesirable 
components coming from inappropriate sorting technologies. Some of them have 
more "aggressive" pretreatment mechanical elements - such as shredding - which 
as a result produce a more contaminated feed to the digester. Generally they 
thought that most of the technologies were not designed to treat the Spanish non 
separate waste, which has specific MSW characteristics and was different from 
those in Northern EU countries. Thus, basically the best performance was found 
when AD was applied to biowaste (source-sorted OFMSW). 
Braber (1995) suggested that mechanically separated OFMSW was more 
contaminated, which led to persistent handling problems and lower acceptability of 
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the effluent product when used as fertiliser on agricultural land. Due to lack of 
uniform criteria about the composting process product, compost-like output from AD 
plants was mainly qualified as "soil conditioner" (Mace et al., 2005) and it was often 
difficult to find the markets for the outputs. They are dependent on the EU polices, 
which are under discussion. However, Edelmann and Engeli (2005) reported that in 
Switzerland the agricultural application of sewage sludge has now been forbidden 
due to undesirable compounds, such as hormones etc. This seems to have a 
positive effect on the market for other composts and liquid fertilisers from AD plants. 
The biogas generated is attractive but requires clean up. Table 2.9 shows the 
upper and lower calorific value of biogas compared to natural gas. Biogas has a 
lower calorific value than natural gas, so a further treatment to improve quality is 
required in some specific applications such as automotive fuel. 
Table 2.9 Calorific value of biogas and natural gas (Angelidaki et al., 2003) 
Gas composition Biogas Biogas Natural gas (65%CH4) (55%CH4) 
Upper calorific value MJ/m3 STP' 25.6 21.6 43.2 
Lower calorific value MJ/m3 STP* 23.4 19.8 38.9 
STP (standard temperature and pressure), i. e. 273.15 K temperature and 1 
atmosphere pressure. 
Different types of AD plants help in developing and achieving recycling targets in a 
cost-effective way, although they currently have some limits and in the future will 
have to improve their product quality of the residues. The UK has also tried to 
develop these processes and disseminate better practice to ensure public 
acceptability. The Biffa AD plant can be of national significance. Technical 
problems encountered will provide a demonstration facility and the experience 
gained will be useful as a template for other UK Waste Disposal Authorities and 
Utilities. 
2.2 ANAEROBIC DIGESTION PROCESS 
2.2.1 Mechanism of Anaerobic Bioconversion 
The process of anaerobic digestion is an artificially contrived system to copy natural 
biological processes for the recycling of organic materials. The bioconversion of 
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the organic matter to methane and carbon dioxide in the absence of oxygen is 
accomplished by a consortium of microorganisms comprised of heterotrophic and 
autotrophic bacteria and methanogenic bacteria. The major transformations are 
illustrated in figure 2.14. 
Complex organics are first hydrolysed by the chemoheterotrophic nonmethanogens 
to free sugars, alcohols, volatile acids, hydrogen and carbon dioxide. 
Subsequently, the alcohols and volatile acids longer than two carbons are oxidised 
to acetate and hydrogen by obligate, proton-reducing organisms (acetogens), which 
must exist in symbiotic relation with hydrogen-utilising methanogens (Speece, 
1983). In the last step, acetate and hydrogen are converted to methane by the 
methanogenic bacteria. The final products are carbon dioxide and methane as 
main ones and minor quantities of nitrogen, hydrogen, ammonia and hydrogen 
sulphide (usually less than 1% of the total gas volume), i. e. organic matter --* 
CH4+ C02+ N2+H2+ NH3+ H2S. As the result of the removal of carbon, organic 
bound minerals (predominantly nitrogen and salts) are released to their soluble 
inorganic form. 
ACID INTERMEDIARY PRODUCTS ANAEROBIC 
FORMATION (Propionate. Butyrate etc) OXIDATION 
ACETATE HYDROGEN 
CARBON DIOXIDE 
ACEIICLASTIC 
ME THANOGENESIS METHANE 
/REDUCTI 
ANOGENESISIS 
CARBON DIOXIDE 
Figure 2.14 Flow diagram of breakdown of organic matter (Deng, 1998) 
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With the development of suitable isolation and culture techniques for the 
evolutionary early group of bacteria, the Archebacteria, responsible for the 
generation of methane, it is now recognised that anaerobic fermentation of waste is 
based on a complex microbial community. Figure 2.15 gives few images about 
different anaerobic bacteria. 
Figure 2.15 The electron micrographs of some bacteria involved in anaerobic 
digestion; 
(a) methanogenic bacteria (Speece, 1983); 
(b) methanogenic bacteria (http: //genome. jgi-psf. org/finished_microbes/images/ 
metba. gif); 
(c) Clostridium (www. health. qld. gov. au/EndoscopeReprocessing /images/page 
_images/137_clostridium. 
jpg); 
(d) Desulfovibrio desulfuricans grown on a biofilm (www. sysbio. org/images/biofilm_ 
bacterium. jpg). 
In anaerobic digesters fed with MSW, the predominant hydrolytic bacteria are 
Clostridia (Rivard et al., 1991). The solid organic matter is broken down by 
bacterial enzymes and dissolves in the surrounding water. This renders the organic 
matter available for the bacterial growth, since normally the bacteria are not able to 
directly utilise the particulate organic matter. Hydrolysis or solubilisation of organic 
matter can be a slow process depending on the complexity of the organic matter, in 
particular the extent of polymer cross linking. 
Methanogens are often considered the key class of microorganisms in anaerobic 
biotechnology. Their growth rate is lower than hydrolytic bacteria although the 
recalcitrance of some substrates, e. g. lignocelluloses, mean slow rates of 
hydrolysis. Thus, especial attention must be paid to ensure efficient retention of the 
active biomass in the system. 
Hydrolysis of proteins or manures containing urea will result in the formation of 
ammonia which can have a toxic effect on the methanogenic bacteria. Hydrolysis 
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of substrates containing a large amount of lipids (fats and greases) will yield large 
amounts of long chain fatty acids (LCFA), which may also inhibit methanogenic 
bacteria (Hobson and Wheatley, 1992) as well as potentially foaming. 
2.2.2 Control and Evaluation for Anaerobic Process 
Anaerobic digestion is a complex process, but from a practical point of view, 
anaerobic digestion can be controlled as a two-step process: one is the breakdown 
of solids and the second is the generation of methane. The organisms in these 
stages have different growth rates shown in table 2.10. 
Table 2.10 Representative Kinetic data for anaerobic digestion (Pohiand, 1992) 
Y Ks µ6ax 
Process (mgVSS/mgCOD) (mgCOD/I) (days 
Acidogenesis 0.15 200 2.0 
Methanogenesis 0.03 50 0.4 
Y: biomass growth yield coefficient; 
K,: half saturation constant; 
µn,, maximum cell growth rate. 
Biodegradation is ultimately dependent upon chemical structure, and environmental 
factors such as temperature, pH and concentration of the compound (Azhar and 
Stuckey, 1994). The most common disturbance-causing imbalances are hydraulic 
or organic overloading, the presence of inorganic or organic toxins, or variations in 
the process conditions such as temperature or the substrate composition 
(Switzenbaum et at., 1990). To maintain a good balance within anaerobic digestion 
and therefore good reduction of organic matter and high methane production, it is 
necessary to control the treatment process by monitoring two key performance 
indicators: these are stability and substrate conversion. This can be achieved by 
using several parameters. These are physical, chemical and physiological factors 
in the environment that affect the biodegradation of organic compounds. Different 
factors have different influence according to the specific characteristics of the 
organic compound. However, the biodegradation of organic compounds have 
several common characteristics concerning the factors that influence the 
biodegradation. Some parameters have been suggested by Ahring and Angelidaki 
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(1997) and are listed in table 2.11. These indicators were only applied to the 
controlled biogas process. 
Table 2.11 Traditional indicators for AD performance (Ahring and Angelidaki, 1997) 
Indicator Parameter Principle 
Biodegradability VS or COD reduction Degradation efficiency 
and efficiency Biogas production Specific gas production 
Biogas composition Concentrations of CH4 and CO2 
pH 
Stress Alkalinity 
on stability Total VFAs 
Individual VFAs 
Hz concentration 
Decrease of pH due to accumulation of VFA 
Detect the changes in buffer capacity 
Total concentration of VFA 
Accumulation of different VFA 
Accumulation of H2, a key intermediate 
Therefore an ideal control indicator should 
  be easy to measure, 
  detect imbalance at an early stage, 
  be in a directly related to the metabolic status of the system, 
  have a significant change following a perturbation compared to background 
fluctuations and analysis accuracy. 
2.2.2.1 pH value 
pH plays a major part in anaerobic biodegradation. Microbial metabolic activity is 
influenced by the pH value in the surroundings. Methanogenesis is particularly 
vulnerable because the metabolic precursors are acid. According to Angelidaki et 
al. (1993), the effect of pH on the growth rate can be described by the Michaelis pH 
function, normalized to give a value of 1.0 as centre value: 
_ 
1+2.100.5(PK, -PKh) 
FýpHý 
1+10(PH-PKr)+10(PK1-pH) 
where F(pH): pH inhibition function; 
pK1: the lower pH drop-off value; 
pK,,: the upper pH drop-off value. 
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At the lower and upper pH drop-off value the bacterial growth rate are 
approximately 50% of the uninhibited rate. In figure 2.16, the form of above pH 
inhibition function with pK, = 6.0 and pKh = 8.5 is shown. 
1 
0.8 
0 Ü 
co c 0.6 
0 
0.4 
CD. 
0.2 
0 
Normalised Michaelis 
Michaelis 
PH 
PIK, PKh 
-- 
456789 
pH value 
Figure 2.16 pH inhibition function (Angelidaki et al., 1993) 
Most methanogens have a pH optimum between 7 and 8 while the acid forming 
hydrolyzing bacteria often have a lower optimum. For common mesophilic 
digestion, the optimum pH range is between 6.0 and 8.3, with the optimum value 
around neutral conditions, i. e. pH = 7.0. If the pH of the waste to be tested is 
outside the optimal range (above 8.3 or below 6.0) and if enough buffer capacity is 
not present, then the anaerobic digestion process will be severely inhibited. This 
will also lead to underestimation of the methane potential (Angelidaki, 2002). 
The pH value of the process is determined by the ionic equilibrium of the 
components present in the liquid: C02, NH3, HAc, HPr, HBut, HZPO4- and Z+ 
(cations) and An- (anions). Each component is ionized to a degree determined by 
the pH, i. e., 
CO2 + H2O H HC03 + H+ (Kai, coz) 
HC03 H C03 2+ H+ (K82, co2) 
HAc H Ac + H+ (Ka, HAc) 
HPr H Pr + H+ (Ka, HP) 
HBut H But '+ H+ (Ka, Heut) 
NH4+ H NH3+ H+ (Ka, NH3) 
H2PO4- H HPO4 2+ H+ (Ka, H3PO4) 
H2O H OH -+ H+ (K, N) 
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As a parameter, pH value can be easily measured. pH value depends on the 
amount of VFA, solubility of carbon dioxide and ammonia produced during the 
digestion process, it is also moderated by the buffer system. 
The rates of hydrolysis and acidification normally exceed those of methanogenesis 
during start up, and acid accumulation is a commonly reported problem. However, 
pH can be only applied as a process indicator when treating a weakly buffered 
system. For example, manure has a high buffer capacity and the pH was found 
always be within 0.5 units of neutral even in cases with severe accumulation of 
more than 100 mM VFA (Angelidaki and Ahring, 1994). Likewise, it was found that 
pH values were not lower than 5.9 - 6.8 even in situations of complete reactor 
failure (Sorensen, 1996). Banks and Wang (1999) found that even when pH was 
optimal for methanogenesis the buffered accumulation of volatile fermentation 
intermediates could still contribute to a reduced rate of hydrolysis by feedback 
inhibition. The two-stage digestion process can overcome this problem (described 
in section 2.2.4.2). 
2.2.2.2 Temperature 
Temperature is the most important physical factor. In anaerobic digestion there are 
generally two temperature ranges. Anaerobic digestion can occur in the mesophilic 
range (35°C), which is more usual, or in the thermophilic range (55°C). Low rate 
anaerobic digestion is still possible at ambient temperatures, e. g. lagoons septic 
tanks and baffled reactors, but rates of methane production are too low to collect. It 
is important that the temperature remains constant. Most commercial anaerobic 
digesters are operated at mesophilic or ambient temperatures. The mesophilic 
temperature range is optimal for a large range of methane forming microorganisms. 
For the other groups of microorganisms in the anaerobic culture, optimal 
temperatures are in the thermophilic range. The range between the mesophilic and 
thermophilic range is not yet entirely researched, however some example data 
which is in figure 2.17 shows biogas production with temperature from Cook (1986). 
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Figure 2.17 Specific biogas production as a function of temperature (Cook, 1986) 
The populations operating in the thermophilic range are genetically unique, do not 
survive at low temperatures, and are more sensitive to temperature fluctuations 
outside of their optimum range. 
2.2.3 Overall Rate-Limiting Step 
A fundamental concern in the treatment process is identification of the overall rate- 
limiting step. The rate-limiting step in the overall process is closely associated to 
the nature of substrate, temperature, process configuration and loading rate. 
Hydrolysis of solids is an important step during anaerobic digestion. Usually 
hydrolysis is the slowest step for domestic refuse and sewage sludge and hence 
the rate limiting step in the overall anaerobic digestion process. In addition the 
efficiency of the hydrolysis step dictates the ultimate methane yield. Normally in 
solid waste anaerobic digesters only 50% of the organic matter (measured as 
volatile solids) is converted. The rest of the organic matter remains undegraded 
because of the recalcitrance and inaccessibility of hydrolytic enzymes to sites within 
the solid matrix. 
In anaerobic digestion of organic wastes, which consist generally of dissolved and 
particulate components, solids hydrolysis is the rate-limiting step of the whole 
anaerobic degradation (Noike et al., 1985). The efficiency of hydrolytic step is 
dependent on the content of easily degradable polymers and the specific 
composition of any lignocelluloses. 
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The major organic constituents of MSW are cellulose, hemicelluloses and lignin 
(Peres et al., 1992; Barlaz et al., 1990; Kayhanian, 1995 and Wang et al., 1994). 
Raw cellulosics such as straw, corn stover or wood are limited in the hydrolysis step 
by the lignin sheath surrounding the cellulose. The recalcitrance of lignin to 
anaerobic biodegradation severely limits the hydrolysis rate of these raw celluloses. 
Grease and lipid biodegradation may be rate limiting in some wastewater treatment. 
It has been established that as the temperature decreases below 20°C, grease 
biodegradation becomes nil, even though methanogenesis continues at reduced 
rate (Speece, 1983). The solubility of fats oils and greases is thus dependent on 
the temperature. Long chain fatty acids (LCFA) have been reported as difficult to 
biodegrade (Hobson and Wheatley, 1992). 
2.2.3.1 Cellulose 
Cellulose and starch are probably the most common types of biomass. Paper, 
paperboard, garden waste and food waste are the sources of cellulose. Plant 
material is largely composed of cellulose, hemicellulose and lignin but the relative 
proportions of these three main constituents can vary tremendously. Wang et al. 
(1994) reported that a general processed MSW contained 40-50 % cellulose, 12% 
hemicellulose, and 10-15% lignin by dry weight. Not all the hemicellulose and 
cellulose are bioavailable for anaerobic digestion (Wang et al., 1994) and non of the 
lignin. This is primarily due to variations in the structure of the plant cell wall. 
Figure 2.18 show a schematic cellulose structure. 
(a) Cellulose fibres 
(b) Macrofibril 
(c) Mircofibnl 
(d) Chains of 
cellulose Or 6y -' 
molecules 
<21 110- 
Figure 2.18 Structure of cellulose (fiberdynamics, 2004) 
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Cellulose is a linear homopolymer of several thousand D-glucose units linked by ß- 
1,4 glucosidic bonds (Tsao, 1984). Without side chains, parallel linear cellulose 
molecules are sterically compatible for close association and in forming intra- and 
inter-molecular hydrogen bonding. So it is not the primary linkage but rather the 
secondary and tertiary structures of cellulosic materials that makes cellulose difficult 
to degrade. 
Cellulose is also contained in woody plant cell walls but surrounded by lignin 
material in the so called middle lamella. The middle lamella is heavily lignified and 
contains lignin and hemicellulose in the proportion of approximately 70% to 30% 
(Lee, 1983). Tsao (1984) found that enzymatic hydrolysis of the glucosidic bonds in 
simple cellulose occurred but the middle lamella presented a barrier to the 
movement of the enzymes. Hence, the diffusion and penetration by the enzymes 
was extremely difficult and slow. Moreover, the phenolic groups in lignin might 
even be inhibitory to the enzymes. 
It is found that cellulose conversion is the rate limiting step in anaerobic digestion of 
municipal waste (Peres et al., 1992). The efficiency of hydrolytic step is dependent 
on the content of easily degradable polymers and specific composition of the 
lignocelluloses. The recalcitrance of lignin to anaerobic biodegradation severely 
limits the hydrolysis rates. 
2.2.3.2 Hydrolysis Kinetics and Stoichiometry 
The hydrolysis reaction was adapted from Angelidaki et al. (1993). The primary 
substrate in the model is represented as the soluble and the insoluble. The 
insoluble fraction includes organic bound nitrogen which is released during 
hydrolysis as ammonia which forms alkalinity. 
The undegradable inert organic materials include lignin, inaccessible structural 
cellulose and other undegradable organic materials. 
It is generally accepted that enzymatic hydrolysis of organic matter and solubilised 
complex organic molecules can be assumed to follow first order kinetics (Henze 
and Harremoes, 1983) as following form: 
rh = khS (2.2) 
where rh: substrate hydrolysis rate; 
kh: hydrolysis reaction rate constant; 
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S: substrate (C6H, 005" nNH3), s concentration. 
At constant pH and digestion temperature, the amount of substrate available for the 
hydrolysis is the most important parameter affecting hydrolysis rate. The hydrolysis 
rate of dissolved components is linearly related to the active biomass concentration 
in the batch experiment. 
There is only hydrolysis parameter that needs to be estimated to describe this 
process. First order hydrolysis parameters for sewage sludge, some biopolymers 
found in waste and for the organic fraction of MSW found in the literature are 
summarised in table 2.12. 
Table 2.12 First order kinetic constant values for hydrolysis of different materials 
Components Hydrolysis constant k(day") References 
Sewage sludge 0.25 (35°C) Siegrist, et al. (1993) 
Lipids 0.005 - 0.010 (55°C) Christ et al. (2000) 
Proteins 0.015 - 0.075 (55°C) Christ et al. (2000) 
Carbohydrates 0.025 - 0.200 (55°C) Christ et al. (2000) 
Solid wastes (mixture) 0.012-pH - 0.042 Kalyuzhnyi et al. (2000) 
Food wastes (mixture) 0.4 Vavilin et at. (1999) 
Biowaste components 
0.03 - 0.15 (20°C) 
0.08 - 0.26 (30°C) 
Veeken and Hamelers 
(1999) 
0.14 - 0.47 (40°C) 
The anaerobic digestion of sewage sludge and municipal organic waste have 
different hydrolysis rates according to the dry solids. Christ et al. (2000) used the 
model of Siegrist et al. (1993) originally for sewage sludge digestion to simulate the 
hydrolysis of solid waste, using the constants for the hydrolysis of lipids, proteins 
and carbohydrates to be determined at 55°C conditions. The hydrolysis constants 
of the protein and carbohydrate fractions were characterized by large fluctuations. 
More data on the hydrolysis rates of carbohydrates, particularly complex starch and 
cellulose, is needed for study, e. g. starch and cellulose. The hydrolysis constants 
for lipids are relatively or comparatively constant with a mean of 0.0075 d"1. 
Kalyuzhnyi et al. (2000) suggested that these constants are pH dependent. Veeken 
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and Hamelers (1999) determined the rates of hydrolysis for six components of 
biowaste of whole wheat bread, leaves, grass, barks, straw and orange peelings. 
The first order hydrolysis constants ranged from 0.03-0.15 d" at 20°C to 0.14-0.47 
d "' at 40°C, which were consistent with the data reported by Christ et al. (2000) for 
carbohydrates, and Vavilin et al. (1999) for food wastes. Veeken and Hamelers 
(1999) suggested that the rate of hydrolysis of particulate organic matter was 
determined by the adsorption of hydrolytic enzymes to the biodegradable surface 
sites. 
2.2.3.3 Bacteria Kinetics of AD 
Several rate expressions have been proposed to describe the biomass or gas 
generation term in the mass balance equation. Depending on the component in the 
mass balance, the generation term can be a rate of utilisation of the component, the 
net generation rate (i. e. difference between gas generation rate and substrate 
utilization rate) or a microbial growth rate. The rate of gas formation is assumed to 
be proportional to the rate of utilization of the substrate from which it is formed; the 
proportionality constant is the product yield factor. 
The standard rate expressions for the microbial growth (X) can be written in terms 
of the corresponding substrate (S) utilisation rate as follows (see Chynoweth and 
Pullammanappallil, 1996) for an example application to anaerobic digestion of solid 
waste: 
ä är) (2.3) 
where 
Y is the growth yield coefficient expressed as mg of biomass per mg of substrate; 
S= substrate concentration. 
2.2.4 Technologies for Anaerobic Digestion of Solid Waste 
There are many different designs for organic solid wastes digestion. Some of key 
issues such as solid concentration (%TS) in the fermenter, organic loading rate, 
hydraulic retention time, digestion temperature, number of phases, mixing process, 
etc. have been tested. Therefore anaerobic digestion can be classified as wet or 
dry system, one phase or two-phase system, mesophilic or thermophilic system. 
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2.2.4.1 Wet and Dry Systems 
In practice, the older and large majority of industrial applications use one-stage 
systems for simplicity and they can be divided into "dry" and "wet" systems. The 
systems where the feedstock is diluted to less than 15% solids are considered as 
"wet" system and digesters of the CSTR-type are primarily used. The systems with 
a solid content of 20 - 40% are considered as "dry" system (Lissens et al., 2001). In 
dry systems, part of the digested residues is recycled and mixed with feed for 
inoculation (Chynoweth and Pullammanappallil, 1996). 
Table 2.13 lists four designs of the most common systems used at industrial scale. 
The BTA (Biotechnische Aballverwertung GmbH) technology is the one (or multiple) 
phase wet configuration which was developed in Germany for the digestion of 
OFMSW. The process consists of two major steps: mechanical pretreatment and 
biological conversion. During the pretreatment, the inert impurities are removed 
and the solids are diluted to a 10% content in a pulper. Food waste is pasteurised 
at 70°C for 30 mins. The biological process can be a single or multi-phase (BTA, 
2005). In the one-phase process, the waste pulp is digested in a mixed reactor for 
15 days. In the multi-phase process, the waste pulp is separated into solid and 
liquid. The liquid is fed into the methane reactor and solid content into a hydrolysis 
reactor both at 35°C. The digester is mixed by biogas injection. The digested 
solids are dewatered by a centrifuge and a part of the centrate is directly used in 
the waste pulper as process water (Kübler et al., 2001). 
Table 2.13 The summary of some of most common commercially anaerobic 
digestion technologies and their characteristics from BTA (2005); Six 
and De Baere (1992); Wellinger, et al. (1993) and Lissens, et al. (2001) 
Digestion Phase Solid contents Digestion Temp. HRT 
system in the reactor system (days) 
BTA One/Multiple 10% wet 35°C 15 
DRANCO One 30-35% dry 55°C 15-21 
KOMPOGAS One 23% dry 55°C 20 
VALORGA One 30% dry 37°C 18-25 
49 
Chapter 2 
The DRANCO (Dry Anaerobic Composting) process is a one-phase dry technology 
which is outlined in figure 2.19. It has been developed for the conversion of 
OFMSW to energy and a humus-like final product. The digester is fed daily in the 
top of reactor and digested wastes are removed from the bottom at same time. 
Part of the digested waste is recycled as inoculums and the rest is dewatered to 
obtain an organic compost material. Due to the high viscosity of wastes, there no 
mechanical mixing devices installed in the reactor other than the natural downward 
movement of the waste. Six and De Baere (1992) reported on some performance 
results for a DRANCO plant of 56 m3 to treat mixed garbage. The OFMSW solids 
concentration was around 32% and they were digested at 55°C for around 15 -21 
days of HRT. The OLR was 10-16.5 kgVS/m3/d and biogas yield was 5-8 m3/m3/d. 
The COD reduction was 55%. 
The Kompogas system (see figure 2.19) is also one-phase dry process and was 
developed in Switzerland. The reactor is a horizontal cylinder and is fed daily. First 
the impurities are removed, then the organic wastes are shredded and process 
water from the dewatering unit is added to adjust the solid concentration. The 
movement is in a horizontal plug flow manner which is aided by rotating impellers 
(Wellinger et al., 1993). The system is run at 55°C for about 20 days of HRT and 
an adjustment of solids waste to 23% is needed. 
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Figure 2.19 Different digester designs used in "dry" systems (A: the Dranco design, 
B: the Kompogas design and C: the Valorga design) (Lissens et al., 2001) 
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The Valorga process is a one-phase dry system developed in France. Figure 2.19 
gives its schematic diagram. The mixing of the waste is introduced through high 
pressure biogas injection every 15 mins. Recycled water is added to achieve a 
solid content of 30%. The retention time is 18 - 25 days at 37°C and the mixing is 
conducted by biogas (Lissens et al., 2001). 
The quantities of residue after digestion may be different for each technology. This 
difference is due to the efficiency achieved by the different processes and the 
design characteristics of each technology, e. g. solid content in the reactor, solid 
content in the digested residue. This variation in the quantities of digestate might 
be important when evaluating its final purpose. If this product can not be used as a 
soil conditioner then it will incur a cost for disposal. 
Currently the capacity of the dry fermentation processes for OFMSW in Europe is 
estimated to be 56% while wet fermentation is used in 44% of the total installed 
capacity (De Baere, 2006). For dry systems, complete mixing of the waste is 
difficult and full contact of biomass and substrate is not guaranteed. Veeken and 
Hamelers (1999) found by comparing batch hydrolysis rates, that dry biowaste 
digesters were not running optimally. The authors proposed that the reduction in 
conversion efficiencies was related to VFA inhibition of hydrolysis due to limited 
transport of VFA within the biowaste bed. Recirculation of the leachate can improve 
the homogeneity of the process. However handling problems often exist as 
traditional pumping is not possible for high solid waste. 
The wet digestion of OFMSW can be operated in conventional reactors where 
homogeneity can be obtained by continuous stirring. Addition of recycled liquid 
effluent or co-digestion with a more liquid waste has been shown to be a good 
method to lower the feed concentration. Hartmann and Ahring (2005) thought that 
wet digestion was an attractive method of combining several waste streams like 
sewage sludge or manure, industrial effluent and OFMSW. 
2.2.4.2 Single-Phase and Two-Phase 
Single-phase treatment is generally the more predominant type of AD treatment 
applied at full-scale for OFMSW, and two-phase processes have not been able to 
prove their benefit in the market place (De Baere, 2000). The main idea of two- 
phase is to optimize the condition for the hydrolytic bacteria in one reactor and for 
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the methanogens in the other reactor to overcome the potential imbalance between 
the acid-producing and methanogenic population and improve the overall 
degradation rate. This also enables the first acidogenic stage to act as the buffer 
tank protecting the methanogenic stage from any shock loads and pH and nutrient 
control are possible between the reactors. 
The figure 2.20 is a two-phase mesophilic process to treat a variety of solid wastes. 
The incoming waste is mixed with recycled process water to the required solids 
content before being fed into a hydrolysis reactor where mixing is carried out by gas 
injection. After the required retention time, the digestate is removed from the 
hydrolysis reactor, de-watered and the liquid portion fed into an Upflow Anaerobic 
Sludge Blanket reactor (UASB) where methanogenesis takes place. The residual 
solids are aerobically composted which is not ideal from renewable energy or 
climate change point of view. Effluent from the methane reactor is used to dilute 
the incoming feed to the hydrolysis reactor. 
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Figure 2.20 A schematic flow chart for two-phase mesophilic process 
There have been a large number of different anaerobic digestion systems 
developed, each has its relative merits and limitations. Selection of the appropriate 
system will depend upon the waste material to be processed, available space, 
capital and operating costs, relative importance of energy production and pollution 
prevention. More independent information is needed on the relative performance of 
the various systems. 
Figure 2.21 shows a two-phase with a dry fermentation stage followed by a liquid 
methanogenic stage. A number of different systems have been developed that use 
this configuration and they have been variously described as "leach-bed" or 
percolation systems, but most apply the same principal. The solid wastes are 
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placed batch-wise (at a high-solids concentration) into a reaction vessel. Process 
water is percolated through the waste, hydrolysis takes place and the resultant 
percolate is fed into a methane reactor. Effluent from the methane reactor is 
recirculated through the hydrolysis vessel to generate more percolate. 
Methane 
Hydrolysis/ Digester 
Acidification 
e. g. UASB bed Upflow filter 
Contact process 
Figure 2.21 A schematic two-phase "leach-bed" or percolation system (Soton., 
2002) 
Lissens et al. (2001) suggested that a two-stage system with biomass accumulation 
in the second stage showed a larger resistance toward toxicants and inhibiting 
substances such ammonia, however they were more complex and expensive. It 
was concluded by Hartmann and Ahring (2005) that a separate hydrolysis reactor 
can be advantageous for treatment of waste containing larger fractions of 
recalcitrant organic matter and two-phase process could be beneficial for enhancing 
the overall degradation efficiency, but the process should be simple to avoid the 
operational problems in the long run. 
2.2.4.3 Potential of Codigestion 
Codigestion is a waste treatment method, where a homogenous mixture of two or 
more different types of wastes are treated simultaneously and offers the potential to 
increase mixing and rates of hydrolysis. 
Braun (2002) reviewed some practical and research cases and concluded that the 
wastes with poor fluid dynamics, aggregating wastes, particulate materials, floating 
wastes fibres or materials with disturbing or inhibiting components (e. g. high 
contents of ammonia and long chain fatty acids (LCFA) from high levels of proteins 
and lipids wastes) can be more easily used as co-substrates after dilution with well 
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performing sewage sludge or liquid manure. Additionally, seasonal wastes or 
wastes with fluctuating loads also have the potential to be treated as co-substrates, 
as it avoids the restart and adaptation for periodic digester. Currently the most 
common wastes to be co-treated are sewage sludge, manure and OFMSW. 
Cecchi et at. (1996) summarised some possible benefits from codigestion approach 
as following: (a) dilution of potential toxic compounds coming from any of the co- 
substrate involved; (b) supply of missing nutrients by the co-substrates to improve 
nutrient balance; (c) positive synergisms established in the digestion medium; (d) 
increased organic loading of biodegradable waste; (e) better performance and 
higher biogas yields. The codigestion process is well adapted to sewage sludge 
(SS), because there are the huge amounts of sewage sludge produced in 
wastewater treatment plants and the large number of existing digesters to stabilise 
them. Therefore existing infrastructure can be advantageously extended with more 
biodegradable wastes reducing the investment and operational costs. 
However some potential problems still exist. For example, oil and fat containing 
wastes can also cause scum layers and heavy foam formation which could block 
pipes or valves; large amounts of sand and stones can create difficulties with the 
sediments accumulating within digester, subsequently reducing the active volume. 
Therefore, pretreatment, mixing, and sediment removal equipment might be 
required depending on the composition and quality of the co-substrates to be used. 
Post-treatment for digestate and wastewater may be necessary due to hygiene 
requirements and restrictions on land use for digestate, which might contain 
hazardous materials. 
Nevertheless, stricter environmental legislations including the EU landfill Directive 
and higher charges for disposal of waste will make codigestion an attractive 
solution for organic waste. 
2.3 RESEARCH AND APPLICATION OF ANAEROBIC 
DIGESTION ON MSW 
Anaerobic digestion could treat biowaste widely and could be used to play a central 
role in overall evolution of society towards sustainability. In order for it to be 
successful however, some more independent experience is needed to confirm: 
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  more effective separation and pre-treatment of MSW to release the easily 
biodegradable fraction is still needed; 
  that there are no adverse effects on anaerobic digestion from other materials in 
refuse; 
  that the MSW does not introduce recalcitrant, refractory or hazardous residues 
into the digested solids which prevents the agricultural reuse of the sludge. 
Some parameters such as gas production per kg waste input, organic loading rate 
and percent volatile solids removal have been identified as useful standard 
parameters for evaluating the performance of different technologies. 
There has also been an increase in the number of demonstrations of anaerobic 
digestion for treating solid organic wastes to establish its cost-effectiveness and 
reliability (De Baere, 2006). These are presented in the following section, although 
the numbers are increasing. 
2.3.1 Pretreatment Processes for MSW Digestion 
Many efforts have been made recently to find ways improving the biodegradability 
of wastes with a large mass of particulates. Currently best practice is to separate 
biodegradable and non-biodegradable material to improve effectiveness of the 
anaerobic reactor volume. 
For the organic fraction of municipal solid waste, food wastes, sewage sludge and 
other particulate substrates, hydrolysis of the complex polymeric components and 
accessibility of hydrolytic microorganisms to the solid material constitutes the rate- 
limiting step of the overall digestion reaction. Hydrolysis reactions take place at 
surfaces and anything which increases substrate surface will accelerate the 
hydrolysis process. Mechanical, biochemical and physico-chemical methods have 
been used to reduce particle size and so accelerate hydrolysis. Heating is the most 
common and a standard method of improving hydrolysis rates and pasteurization 
will be necessary with many food streams to meet new pathogen regulations (for 
example, Animal By-products Directive). 
A literature review of some pretreatment processes for enhancing hydrolysis and 
biodegradability has been published by Mata-Alvarez et al. (2000) and Mace et al. 
(2001). The methods usually used can be categorized as below: 
  mechanical disintegration using maceration, mills and homogenisers; 
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  heat treatment including pressure up to 160°C (Cambi Process); 
  chemical treatment using surface active agents or alkalis; 
  oxidation with ozone and peroxide; 
  biological treatment with enzymes or adapted cultures. 
Pre-treatment is a very important and key process for the subsequent digestion 
treatment. The characteristics of the products from pre-treatment processes will 
affect the outcome of anaerobic digestion for example potential energy yield, the 
content of inerts and potential toxicity. As far as MSW is concerned, therefore 
waste separation sorting and sieving to remove inerts will normally be essential. In 
order to increase the rate of hydrolysis and anaerobic biodegradability, the sizes of 
particulate solids should also be firstly reduced to increase the organic matter 
solubilised into liquids. 
2.3.1.1 Sorting 
Separation of household waste has several advantages to improve anaerobic 
treatment, and is the most important factor that defines fertiliser and soil improver 
qualities of the digestate. Basically there are two possibilities although ideally they 
could be used in combination. One possibility is source separation with individual 
collection of the different fractions, the other route is the centralised separation with 
screening density separation and/or hand sorting. Typically municipal solid waste is 
separated into metal, plastics, garden waste, cardboard and newsprint. Garden 
waste, cardboard and newsprint can be directly recovered and recycled efficiently. 
Further manual separation of the organic fraction to remove further inert wastes 
such as glass, plastics and synthetic fabrics to improve its pretreatment is possible 
but unattractive. 
Centralised separation of municipal waste in a "material recycling centre (MRC)" 
has the advantage of being more predictable. Hatton and Ockleston (1997) 
suggested that engineering developments have enabled more automated 
mechanical separation to replace labour intensive, unpleasant hand-picking in 
material recycling centres and this has improved the performance and predictability 
of recycling and separation of OFMSW from unsorted waste. 
There are few scientific studies on the separation of MSW. In the study of Hatton 
and Ockleston (1997), after the mechanical separation process which was mainly 
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based on density differences, the food waste residues were then pulverised in an 
industrial scale blender. In the next stage wastewater and air were added and a 
thick creamy mixture was produced with most of biodegradable materials dissolved 
or as a fine suspension. Sieves, cyclones or centrifuges were used to remove the 
remaining inert to prevent their rapid accumulation in the bottom of the main 
digestion tank. Neutral density plastics and fibre are the major problem with density 
sorting. This enhanced hydrolysed biodegradable mixture was then pre-mixed with 
sewage sludge before anaerobic digesters for treatment. 
Kübler et al. (2000) reported that a mechanical wet pre-treatment process named 
as the BTA-Pulper (described in detail in section 2.2.4.1) was used for the OFMSW 
digestion treatment. Figure 2.22 shows a schematic flow chart of the BTA 
technology. The OFMSW (>70% moisture) was pulped and the stones, glass 
fragments and silt were separated by a hydrodynamic grit removal system. 
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Figure 2.22 A schematic chart for pretreatment of BTA technology(www. bta- 
technologie. de) 
Edelmann et al. (2000) used simple mechanical treatment in their study of co- 
digestion of waste raw fruit and vegetable wastes and sewage sludge. Before 
codigestion, the waste was sorted out of metal and plastic materials, then chopped 
to particles of -2 mm and macerated together with the sludge in order to produce a 
homogenous suspension of total solid content of 6.4±1.1 % at 91.0±2.1 % organic 
matter. Purcell and Stentiford (2001) used similar pretreatment process for 
supermarket organic wastes composed of fruit, vegetables and bakery waste with a 
moisture content of 82-88% (w/w). The wastes were homogenised prior to 
maceration using a food blender, then screened to less than 8 mm to remove any 
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residual inert packaging and blended with primary sludge to produce different solid 
contents for experiment. 
Pre-sorted wastes such as arise from food production and marketing would not 
need such separation of inert although Joshi (2003) did find inert packaging mainly 
plastics and foil in separated restaurant waste. 
2.3.1.2 Mechanical Pretreatment 
It has been well reported that solids hydrolysis is the rate-limiting step during the 
anaerobic process of organic wastes. Therefore reducing the particle sizes of 
wastes by mechanical disintegration to obtain an increase of available internal 
specific surface area to improve enzyme attack is beneficial. The effect of 
comminution and its benefit for anaerobic degradation process were summarised in 
figure 2.23 by Palmowski and Müller (2003). 
Comminution 
Cell rupture Particle size reduction Material structure modification 
Release of cell Creation of new Improved water Reduction of the 
content surface areas soakage sample crystallinity 
Higher reaction Improved Exposition of Additional substrate 
surface for micro- Dissolution process substrate areas fragments become 
organisms and from substrate inaccessible without biodegradable 
enzymes surface comminution 
Increased degradation rate Increased degradation degree 
Figure 2.23 Connections between communication and increased degradation rate 
and Degree (Palmowski and Müller, 2003) 
Two effects have been reported: first, if the substrate had a high fibre content and 
low biodegradability, their comminution led to improved gas production by 
increased access to the cellulose within the lignin. Secondly the particle reduction 
increases surface area for enzyme attack and improves mixing. 
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A few research investigations on the effect of mechanical pretreatment on the 
increased potential biogas have been carried out. Kim et al. (2000) for example 
studied the effect of solid particle size on the performance parameters of the 
anaerobic thermophilic digestion of food waste in batch tests. Three different 
particle sizes of food of 1.02 mm, 1.42 mm and 2.14 mm were added to different 
serum bottles with same initial concentration of 1g COD/I. The COD degradation 
was measured. Kim et al. (2000) applied the Valentini rate equation to the 
hydrolysis reaction. Kinetic coefficients were obtained by fitting the actual 
measured data to the Valentini Model: dS/dt = -kHASXA, where A is a constant 
whose value range from 0 to 1; S is substrate concentration; X is biomass 
concentration and kHA is the maximum substrate utilisation rate constant. They 
concluded that the same constant A=0.45 was obtained from the Valentini model 
from three different particle sizes. However the maximum substrate utilisation rate 
coefficient (kHA) was inversely proportional to the particle size, i. e. showed 0.0033, 
0.0026 and 0.0015 hr' respectively with food waste particle sizes of 1.02,1.42 and 
2.14 mm. 
Mechanical pretreatment of the biofibre can lead to the opening of the 
lignocellulosic structure resulting in an increase of available internal specific surface 
area, therefore enabling cellulose to be more accessible to hydrolysis. Angelidaki 
and Ahring (2000) found an average increase of 17% biogas potential after 
mechanical maceration of biofibres contained in manures. The biofibres when 
reduced to a size of 1-2 mm (sieve mesh) had an average 16% higher biogas 
potential compared to fibres larger than 5 mm. The best results were with fibres 
smaller than 0.35 mm which showed about a 20% increase. No significant 
difference in the biogas production was found from fibres in the 5-20 mm range. It 
was suggested that mechanical pretreatment does not significantly enhance mixing 
of the solids, liquid, and microorganisms until the particles were less than a few 
millimetres. An ideal size of substrate particles to reach an optimal processing is 
less than 5 mm but practical operating conditions mean it is usually difficult to 
obtain less than 10 mm. 
Further confirming data was published by Hartmann et al. (2000) who noted an 
increase in biogas by up to 25% from fibres in manure after maceration and 
pretreatment of the whole feed prior to anaerobic digestion at five biogas plants 
surveyed. The authors recommended this method due to its low operational cost. 
However, they could not correlate the improvements to simply a size reduction of 
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the fibres as was concluded in the Angelidaki and Ahring (2000) studies. Hartmann 
et al. (2000) concluded that the biodegradability of the fibres after the maceration 
was enhanced due to shearing rather than cutting of fibres. Exposing the surface 
was the important factor which was not necessarily reflected by a change in fibre 
size. Thus, the increase in biogas potential in the sample after maceration was 
most likely due to a release of degradable cellulose and hemicellulose from the 
damaged larger fibres into the liquid fraction. 
Generally sorting and mechanical pretreatment steps for MSW digestion will include 
magnetic separation to remove ferrous metals, followed by comminution in a 
rotating drum or shredder or mill, screening, and pulping prior to gravity separation 
of non-ferrous metal, plastic, fibre, oversize and heavy material (inert: stone, sand, 
glass and etc. ). Cyclones remove neutral density materials, fibre and plastics. The 
degree of separation of organics influences the quality of the anaerobic process 
because of the obvious link between the successful pretreatment and enrichment 
with organics and improved biogas yields and consequently solids conversions. 
2.3.1.3 Enzymes Pretreatment 
The rate of anaerobic hydrolysis is dependent on extracellular hydrolytic enzymes 
and the microbial ecology. Hydrolysis is the most common biological mechanism 
for breaking down biomass. Hydrolytic enzymes use OH- and H+ ions split from a 
molecule of water to bind to the exposed ends of the broken polymer. Figure 2.24 
shows what is thought to happen during the hydrolysis of starch. 
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Figure 2.24 Biochemical hydrolysis process for starch 
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An enzyme is a protein catalyst and as such is vulnerable itself to rapid breakdown 
in a complex fermentation. Enzymes are quite specific for each reaction. 
Hydrolysis of proteins requires protease and peptidase which break proteins into 
amino acids and peptides. Fats, oil and grease are depolymerised by lipases. 
The most common food however is plant material and the two largest components 
in plant biomass are starch and cellulose. Amylase breaks down sugars and 
starches, such as those found in grains, fruits and vegetables. Amylases are 
divided into two groups, Alpha and Beta amylase. Alpha enzyme splits starch into 
smaller dextrins, which the Beta group then converts into the disaccharide, maltose. 
Both Alpha and Beta amylases are required to assure rapid conversion of starch to 
sugar (figure 2.24). Amylases degrade both starch and amylopectin. Cellulase 
degrades cellulose - the basic structural building block of most plants and therefore 
the main constituent of most bio wastes including cotton. Endocellulases attack 
cellulose chains at positions away from the ends, whereas exocellulases degrade 
the chains from one end. Cellulase breaks down plant cell walls, aiding in the 
digestion of fruits and vegetables. 
Enzymes, being biological compounds, need an optimal working environment. The 
pH of the environment has an important affect on enzyme activity and stability. 
Most enzymes can only work within a relatively narrow range of pH. However the 
optimal pH for most commercial enzymes are broad between pH 4.0 and 7.5. 
Another major effect on enzyme activity and stability is temperature. Since enzymes 
are made up at least partially of protein, they are sensitive in varying degrees to 
heat. Optimal temperatures generally range from 37°C to 60°C for most hydrolytic 
enzymes. 
Enzymes have been used extensively in the pharmaceutical, textile, drinks, natural 
extract, detergents and protein industries which have established their cost 
effectiveness. There are also some studies on enzymes in waste and sewage 
sludge treatment. Mace et al. (2001) for example reported experiments on using an 
enzyme mixture, mainly cellulase, which was added continuously to one anaerobic 
digestion unit of a pair at doses of 500-700 mg/kg at Aachen-Soers. The authors 
observed that enzyme addition resulted in an additional solid removal of 2 
tonnes/day and 840 m3/day more biogas production. Based on the sludge disposal 
costs of 280 EU/t dry solid and a 0.92 EU/m3 biogas benefit at this treatment plant, 
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a net annual cost reduction of approximately 175,100 EU/year was estimated by the 
authors. 
Given the heterogeneity of cellulose sources in MSW then to accelerate the rate of 
hydrolysis might require the addition of a mixture of enzymes. Lagerkvist and Chen 
(1993) demonstrated this with the addition of a commercially available fungal 
cellulase preparation that had endo-glucanase, exo-glucanase and 
cellobiohydrolase as its principal activities. The conversion of cellulose in MSW was 
increased by almost 50% under both acidogenic and methanogenic conditions. 
They interpreted the results as an indication that in some systems at least the 
availability of the necessary types of cellulolytic enzymes may be rate limiting rather 
than the penetration and diffusion of enzymes into the cellulose surface. Results 
obtained by Rintala and Ahring (1994) suggest otherwise. They studied the effect 
of additions of both active and inactive enzymes like xylanase, lipase, protease and 
a mixture of these, on the thermophilic digestion of household sorted waste. They 
concluded that enzyme addition had no effect although the thermophilic 
temperatures may have had an adverse effect. The choice of enzyme may need to 
be adjusted to the characteristics of the waste and type of digestion as different 
enzyme products can act in different way on similar substrate. 
Angelidaki and Ahring (2000) also studied the addition of hemicellulolytic or 
cellulolytic enzymes as pretreatment for the biofibres contained in manure, but 
there was no any improvement in biogas potential. However, if the specific 
hemicellulose-degrading bacteria B4 was added then, there was a 30% increase in 
gas production. 
Kim et al. (2005) also investigated the solubilisation of particulate matter in the food 
waste by using commercial enzymes. The acidification efficiency and VFA 
production potential of enzymatically pretreated food waste was examined. The 
highest volatile suspended solid (VSS) reduction was obtained with an enzyme 
mixture ratio of 1: 2: 1 for carbohydrase: protease: Iipase. An optimum enzyme 
dosage for solubilisation and VFA production was 0.1% (v/v) with the enzyme 
mixture ratio was similar at 1: 2: 1. Over 300% more VFA was produced at this 
dosage compared to the control fermenter. The mixture enzymes especially 
protease addition play an important role in the solubilisation of food waste in this 
case, although the food wastes were composed of acidic vegetable. The work also 
confirmed that the enzyme mixtures can have more than one effect on the 
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substrate. Therefore the beneficial effects of additional enzymes are unclear and 
further work was carried out as part of this research (sections 4.2 and 7.4). 
2.3.1.4 Solubilisation by Two Stages and Thermophilic Pretreatment 
Primary and biological sludges have already been shown to generate persistent 
VFA when encouraged to ferment, i. e. without oxygen and with pre-existing large 
populations of micro-organisms. The process also works with the biodegradable 
fraction of municipal refuse. Wang and Banks (2000) for example used a two-stage 
system to test the efficiency of anaerobic digestion for reducing the solid content of 
the OFMSW. The first stage in the two-stage process was an anaerobic hydraulic 
flush reactor with decoupled solid and hydraulic retention times. The aim of the first 
stage process was to rapidly wash out the fermentation intermediates produced and 
so prevent their accumulation in the first stage hydraulic flush reactor. These 
intermediates were removed in the second stage aerobic activated sludge reactor 
system, the effluent from which was recycled to first stage as the flush liquor. 
The results showed that at high loading rates of between 10.8 and 20.8 kgTS/m3/d, 
the HFR system showed a decline in performance as analysed by solid reductions 
and lower increases in VFAs in the reactor. The rate of flush was found to be an 
important determinant in this two stage system and there were significantly different 
effects between a flush rate of 2,3 and 4 days of HRT at the highest solid loading 
rates. The mechanism of the inhibition of the hydrolysis stage was not firmly 
established, but possible explanations include the inactivation of the extracellular 
hydrolytic enzymes as a result of the lowering of pH or that the accumulation of 
volatile fermentation intermediates prevented the production of further hydrolytic 
enzymes by feedback inhibition. 
Among other biological methods of improvement, there have been results published 
on the use of thermal aerobic digestion as a pretreatment stage to mesophilic 
anaerobic digestion. Hasegawa et al. (2000) reported that the sludge pretreated 
with thermophilic (60-70°C) microaerobic conditions generated approximately 1.5 
times as much biogas as the sludge without pretreatment. The aeration rate was 
0.08 wm (volume per volume per minute, equal to 200 ml/min airflow rate in 2.5 
reactor giving a DO of 0-0.1 mg/I ). The retention time was 1 day. There was no 
increase in the yield of biogas under totally aerobic condition with 0.4 wm (equal to 
1000 ml/min) compressed air flow rate leading to a DO of 1-3 mg/I compared to no 
aeration. Probably under sufficient aeration conditions, the thermophilic bacteria 
63 
Chapter 2 
could mineralise organic matter into gases including carbon dioxide without on 
accumulation of VFA. However, gasification by the thermophilic bacteria could be 
reduced by the microaerobic conditions, resulting in the accumulation of VFA. 
Similarly Fothergill and Mavinic (2000) reported that a reduction in both aeration 
and retention time could enhance the VFA production during ATAD. In an oxygen- 
restricted environment, it was suggested that a mixed culture of aerobic and 
facultative anaerobic bacteria were more efficient than a monoculture of aerobic 
bacteria alone and that the culture was also more stable. In addition, low airflow 
rates eliminated the cooling effects linked to excess aeration, reduced losses of 
VOC and reduced energy requirements. The authors found that airflow rates in a 
range of below 165 Vmin/m3 reactor size were shown to enhance VFA production in 
their ATAD system. 
Mavinic et al. (2001) carried out a pilot scale ATAD reactor (first stage) with a 
working volume of 72 I sealed and covered with insulation. The feed was a mixture 
of primary and secondary sludge with a ratio of 35: 65. The HRT was 3 days with 
mixing at 950 t 10 rpm and aeration rates of 25,50,75, and 100 ml/min were 
compared with no aeration. In the experiment with no aeration, nitrogen was 
bubbled through instead. The results showed mean TSS destruction efficiency 
between 19.8 to 23.8% with a feed total suspended solid concentration between 
10.89 and 14.43 kg/m3. There was no clear relationship between solids destruction 
efficiency and aeration rate, possibly because of variation in composition of each 
batch of feed sludge. The generation of VFA in the reactor tended to increase as 
the aeration rate decreased. The maximum rate was 0.183 mg of VFA as acetic 
acid/mg of TSS destroyed and was observed at 25ml/min (0.35 Vmin/m), the 
lowest air flow rate of this study. 
Thus in general, the results were inconclusive but sludge and MSW are very 
complex materials. Ponti et al. (1995), for example, concluded that biodegradability, 
sludge composition, initial sludge concentration, incubation temperature and mode 
of reactor operation all influenced the reaction rate and temperatures achieved. 
Many of the pretreatments reviews suggested that there is the potential for further 
promotion of anaerobic digestion through enhanced phase separation and the 
uncoupling the syntropic relationship between hydrolysis/acidogenesis and 
methanogenesis, so that the supply of acetate from the pretreatment units would 
become more controlled and readily available. The type of pretreatment will vary 
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according to the type of waste. Processed food wastes low in fibre could just be 
pulverised but MSW would need separation to get the best out of size reduction. 
One report (Wang and Banks, 2000) used only washing and elutriation of MSW to 
generate the hydrolysis stream but did not give any results on the potentially 
hazardous metals or persistent organics that could be mobilised. Wastes with 
significant amounts of fibre, straw paper etc. would benefit from separate 
hydrolysis. The balance of evidence is for the two stage approach rather than any 
specific common pretreatment process. 
2.3.2 Anaerobic Digestion of Organic Fraction of Solid Waste 
Anaerobic digestion is becoming an established technical process for municipal 
solid wastes and other industrial organics (De Baere, 2000) because of the 
advantage of generating biogas. There is literature on previous experimental 
research which provides data on the anaerobic digestion of the components in 
municipal solid waste. 
2.3.2,1 Characteristics of Biowaste 
The organic fraction of municipal solid waste can be considered as a waste 
requiring disposal but also as a resource in terms of its materials and energy 
contents. Obviously it is important to characterise the organic compositions as the 
feedstock prior to anaerobic digestion. Christ et al. (2000) analysed the contents of 
carbohydrates, protein lipid and raw fibre for bread, meat, fruit and a few vegetables 
which are showed in table 2.14. 
There is a great variety of the organic content in different food waste, for example 
raw fibre content was around average 40% for some vegetables, but only 11 % for 
some fruits, 8% for bread and nothing in meat. 
Table 2. f4 Composition of different ingredients of some organic waste (Christ et 
al., 2000) 
Bread Hazelnut Meat Fruit Mushrooms lettuce 
Carbohydrate (%) 80 13 0 83 6 26 
Protein (%) 10 14 50 4 45 31 
Lipid (%) 2 66 50 2 6 5 
Raw fibre (%) 8 7 0 11 43 38 
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Buff iere et al. (2005) also analysed the biochemical composition of some collected 
kitchen wastes and their biochemical methane potential which are shown in table 
2.15. They tried to find a link between the ligno-cellulosic content of the waste and 
their biodegradability. The experiments investigated the maximal degradation rate 
and the effect of size or accessible surface area had not been examined yet. The 
biochemical methane potentials of these wastes were measured by using BMP 
methods under thermophilic conditions. 
Table 2.15 Biochemical composition and methane potential of food waste and 
grass (Buffiere et al., 2005) 
Apple Banana Orange Carrots Potato Salad Grass 
DM (9/9,,., h, %) 
VS (%DM) 
17.1 
97.9 
12.8 
85.2 
22.6 
96.4 
13.5 
89.9 
19.0 
93.7 
10.9 
80.0 
31.1 
86.0 
Proteins° (%VS) 12.3 10.2 16.9 20.8 9.0 19.9 15.0 
Lipids (%VS) 
Sugarsb (%VS) 
2.2 1 1.8 3.9 5.0 3.2 8.1 6.6 
51.4 45.0 46.8 47.2 60.9 26.3 26.3 
Hemiceliuiose (%VS) 2.9 13.3 4.5 8.5 29.5 15.5 36.1 
Cellulose (%VS) 
Lignin (%VS) 
4.7 
7.5 
7.7 
17.4 
7.8 
4.0 
7.7 
6.1 
3.9 
1.9 
12.6 
9.6 
15.3 
8.3 
BMP (m3CH4/kgVS) 0.317 0.289 0.297 0.388 0.427 0.294 0.388 
a: in equivalent BSA (bovine serum albumin); 
b: in equivalent glucose. 
It can be seen from their results that there was a widely variable range of fibre 
contents for different fruits and vegetables. Based on the BMP results, potato 
peelings were the most degradable among them and have the lowest lignin content 
and the sum of lignin and cellulose. Banana peelings were the least degradable 
and had the highest lignin content, the sum of the lignin and cellulose content was 
also the largest. Nevertheless, it was impossible to draw definitive conclusions or 
establish a mathematical relation between the fibre content and degradability, 
because many other types of wastes and more reproducibility of the parameters 
were not investigated yet. 
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Peres et al. (1992), Barlaz et al. (1990) and Kayhanian (1995) investigated the 
biochemical composition of OFMSW. The results showed that the OFMSW had a 
high cellulose content ranged of 32.9 - 58%TS followed by lignin ranged of 4- 
15.2%TS (see table 2.16). For the carbohydrates conversion of the samples from 
Peres et al. (1992), lignin had a lowest conversion rate 17%, followed by cellulose 
of 75% and hemicellulose of 94%. It was confirmed that the major organic 
constituents of MSW were cellulose, hemicellulose and lignin. The lignin is 
recalcitrant in the anaerobic process due to its nature structure and chemical 
composition. Therefore the composition and variability of the waste exert a strong 
influence on the performance of the digester. 
Table 2.16 Organic composition of municipal refuse as the feedstock and the 
conversion after the anaerobic digestion assays 
Constituent Volatile Cellulose Hemi- Lignin Protein Lipid Reference 
(%TS) solids cellulose 
94 58 
78.6 51.2 
94- 
11.9 15.2 4.2 
Kayhanian 
(1995)" 
Barlaz et al. 
(1990) 
73.0 32.9 5.2 12.5 9.6 5.94 Peres et al. 
(1992) 
Conversion 58 75 94 17 10 66 Peres et at. 
efficiency (%) (1992) 
*Obtained based on typical OFMSW mixed blend consisting of 19% newsprint; 53% 
office paper; 15% garden waste and 13% food waste (dry basis). 
2.3.2.2 Food Waste Digestion 
Food wastes are good anaerobic feedstocks but the moisture contents of some 
vegetables lend themselves more towards digestion than others. 
Pavan et al. (2000) carried out two-phase anaerobic digestion of source sorted 
OFMSW, coming from fruit and vegetable markets. First phase was a completely 
stirred 0.8 m3 hydrolytic reactor tested at 35°C and 55°C, while second phase was a 
similar type reactor with a working volume 1 m3 kept at 55°C. HRT in the first 
reactor varied from 6 to 1 day and from 7.7 to 13.7 days. As a consequence, OLR 
was from 12.6 to 68.5 kgVS/m3/d in the hydrolytic reactor and from 4.1 to 9.5 
kgVS/m3/d in the second anaerobic reactor. The optimum conditions were found to 
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be around 12 days HRT (total system) with the first phase operating as a hydrolytic 
reactor at 35°C with 2-3 days HRT. The specific gas production of around 0.6 
m3/kgVSadded was obtained. It was found that the fruit and vegetable waste acidified 
rapidly and easily overloaded a one-phase system even at a very low OLR. 
Therefore the use of a two-phase system was suggested. 
Mtz. -Viturtia et al. (1995) also compared two-phase and single-phase wet digestion 
systems for food market wastes (fruit and vegetables) at mesophilic temperature. 
The two-phase system consisted of a 1.3 I hydrolysing reactor and a 0.5 
methanization reactor, which was divided into an UASB reactor in the lower section 
and an anaerobic filter at the top. The solids content of feed was 6% (TS). The 
hydraulic retention times were 5,6,9, and 18 days, consequently OLR was 12.6, 
9.4,6.3,3.1 kgVS/m3/d. The VS reductions were 27%, 38%, 53% and 72% 
respectively. At high loading rates, the overall performance of two-phase was 
worse than a single-stage system. Because the hydrolyzing reactor was 
overloaded under these conditions, the VFA became too high which led to the 
acidification of methanogenic activity, when operated as a single digester the 
dilution rate was greater. 
2.3.2.3 Paper and Garden Waste Digestion 
The role of MSW composition in causing differences of methane yields was 
investigated by Owens and Chynoweth (1993). The biological methane potential 
(BMP) of several MSW fractions including garden waste, paper and food packaging 
was determined in order to compare extents and rates of their conversion to 
methane. The samples of MSW were from two sources. One was a commercial 
aerobic composting facility which pre-processed the waste to remove ferrous 
metals, and manual removal of aluminum and plastic. This was followed by coarse 
shredding (2-10 cm range) with a hammermill. This material was then normally 
composted and so a small sub-sample prior to composting was used for 
comparison in the anaerobic digestion trial. The second source was a waste 
sorting and recycling facility, which processed the incoming waste by hand 
removing more undesirable components, including all metals, glass, plastics, and 
fabrics from a municipal waste stream. The remaining fraction was coarsely 
shredded (2-10 cm range) with a hammermill as in stream one. Samples 
representing the garden waste fraction of MSW, including grass, leaves and 
branches were collected fresh, ground in a mill fitted with a 1.53 mm mill head and 
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stored at - 4°C until analysis. A blend of 1: 1: 1 of grass: leaves: branches were 
combined on volatile solids weight basis, to produce a garden waste blend. The 
results obtained from biological methane potential batch assays are listed in table 
2.17. Wide differences exist between different and within the same categories. 
Table 2.17 Estimates of ultimate methane (CH4) yield (Y, ) and first order constant 
(k) for MSW components assays (Owens and Chynoweth, 1993) 
Sample Y,, (m3 CH4/kgVSadded) k (d'') 
Controls 
Cellulose 0.374 0.090 
Cellulose 0.371 0.129 
Organic fraction of MSW 
Sumter' 0.222 0.075 
Levy' 0.205 0.073 
Garden waste 
Blend 0.143 0.067 
Grass 0.209 0.084 
Leaves 0.123 0.084 
Branches 0.134 0.035 
Paper 
Office 0.369 0.136 
Corrugated 0.278 0.058 
News (no ink) 0.084 0.084 
News (with ink) 0.100 0.069 
Cellophane 0.349 0.099 
Food board 0.343 0.119 
Wax paper 0.341 0.083 
a Organic fraction of MSW prepared by hand/mechanical separation 
In the case of garden wastes (grass, leaves and branches), grass exhibited 
methane yields as high as 0.21 m3/kgVSadded, but yields for mixed garden waste 
were lower, in the range of 0.14 m3/kgVSedded as leaves and branches had a low 
yield. For woody biomass, the results obtained were higher between 0.278 and 
0.369 m3/kgVSadded, except newspaper which had the lowest methane production of 
0.084 (no ink) and 0.100 m3/kgVSadded (with ink). The control with cellulose had a 
highest methane yield of 0.372 m3/kgVSadded and the OFMSW had a methane yield 
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around 0.214 m3/kgVSadded which indicated that more than 50% of the VS in 
OFMSW could be converted in anaerobic processing. 
The degradation of each sample was shown to follow a first order rate of decay, 
supporting the Valentini Model (Kim et al., 2000 and section 2.3.1.2). Thus, the 
production of methane was assumed as following: 
Y= Yu * (1 - exp(-k * t)) (2.4) 
where: 
Y- the cumulative methane yield at time t; 
YN - the ultimate methane yield; 
k- the first order rate constant. 
Vermeulen et al. (1993) specifically investigated the different types of paper and 
cardboard. Newsprint paper showed the lowest biogas yield of 0.139 m3/kgVSadded" 
The results were similar to that from Owens and Chynoweth (1993). While 
brochure, magazine and packing paper showed higher biogas productions of 0.208, 
0.327 and 0.381 m3/kgVSadded, respectively. The highest production with 0.710 
m3/kgVSedded was for computer paper. In the case of cardboard, the results ranged 
from 0.381 to 0.440 m3/kgVSedded depending on the type. 
2.3.2.4 Mixed Municipal Solid Waste Digestion 
The measurement of the methane yields attributed to the different MSW 
components could show the potential for MSW separation to improve gas yield 
enhancement. Owens and Chynoweth (1993) analysed the contribution of 
individual organic components to the total methane yield and their proportion in the 
OFMSW waste stream. The figure 2.25 shows their analysis results of the BMP 
yield estimates from the average MSW organic fraction composition as surveyed by 
the State of Florida (1991). 
It confirmed that biogas yields depend on the MSW components and the potential 
for yield enhancement from different MSW separation and additions. It could be 
concluded from the experiments that the newspaper and garden wastes were the 
hardest to degrade whereas kitchen wastes and office paper were the most readily 
degradable. Therefore the differences in the composition of the wastes can be used 
to predict how the biogas production changes depending on the biodegradability of 
substrate used. 
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Figure 2.25 Comparison of MSW composition to CH4 yield contribution (Owens and 
Chynoweth, 1993) 
Kayhanian (1995) conducted the long -term batch studies to estimate the 
biodegradability of newspaper, office paper, yard waste, food waste and a mixed 
blend consisting of 19% newsprint; 53% office paper; 15% garden waste and 13% 
food waste. The particle size of all feedstock fractions was reduced to less than 25 
mm. The 1 litre batch digesters were operated under thermophilic conditions for a 
period 75 days. The results reported are shown in table 2.18. Newspaper has 
lowest biodegradability, followed by a mixed blend OFMSW then yard waste. Both 
food waste and office paper have similar and the highest ultimate biodegradability 
in such controlled operational conditions. The results from his tests were also 
similar in terms of gas yields with the others reviewed, for example Owens and 
Chynoweth (1993) and Vermeulen et al. (1993). However in practice, the author 
suggested that not all of the ultimately biodegradable materials would be available 
for biological degradation depending on the design of the bioreactor. 
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Table 2.18 Estimated VSR% for different components of OFMSW based on long- 
term batch studies (Kayhanian, 1995) 
Organic substrate Average VSremoval%* 
Newspaper 23.7 
Office paper 82.7 
Food waste 82.8 
Yard waste 71.8 
Mix blend" 69.8 
`Calculated from the ratio of biodegradable VS (BVS) to total VS with BVSNS; 
*Mixed blend consists of 19% newsprint; 53% office paper; 15% garden waste and 
13% food waste (dry basis). 
Different substrates contain different chemical and molecular structures, therefore 
have different degradation rates and different biogas potential, some high but some 
low. For example, food and food processing industrial wastes are easily 
degradable and have a high biogas potential compared to MSW. A series of BMP 
batch tests were carried out to investigate the different biogas potentials with regard 
to different organic wastes (Braun, 2004) and some results confirming the link to 
biodegradability are shown in table 2.19. 
Table 2.19 Biogenic waste investigated at IFA* , 
Tulln 
Organic Wastes Biogas yield (batch tests) Minimum residence time 
(m /kgVSadded) (continuous cultivation) (days) 
Waste edible oil 1.104 30 
Animal fat 1.00 33 
Market waste 0.90 30 
Potato waste (peelings) 0.898 40 
Potato waste (chips res. ) 0.692 45 
Maize (whole corn) 0.648 20 
Food leftovers 0.47-1.1 33 
Food leftovers (fast food) 0.693 35 
Chipboard manufacturing 0.893 14 
wastewater 
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Table 2.19 (continuous) Biogenic waste investigated at IFA*  Tulin 
Organic Wastes Biogas yield (batch Minimum residence time 
tests) (m3/kgVSadded) (continuous cultivation) (days) 
Municipal biowaste 0.40 27 
(source sorted collection) 
Biowaste (31 %) + 0.54 30 
Sewage Sludge (69%) 
Flotation sludge 0.69 12 
Primary industrial sewage 0.30 20 
sludge 
Secondary sludge 0.2-0.35 20 (municipal) 
*: Interuniversitäres Forschungsinstitut für Agrarbiotechnologie (IFA) Tulln, Austria 
res. - residual. 
Peres et al. (1992) carried out a study to investigate the anaerobic conversion 
efficiency of OFMSW by running 8I CSTR bio-digesters at 35°C and a HRT of 20 
days. The municipal solid waste was pretreated by segregating the plastics, 
stones, glass, metals, rags, rubber and cardboard. It was then dried at room 
temperature before fine inert were separated. The resulting organic fraction was 
knife-milled to a maximum particle size of 3 mm. The OFMSW was shown to have 
a high cellulose content 32.9% of TS followed by lignin at 12.5% of TS shown in 
table 2.16. The reactors were operated at OLRs ranging from 1-3.8 kgVS/m3/d. 
The results showed a VS destruction rate of 56 - 58% and specific gas production 
from 0.34 - 0.37 m3/kgVSadded (equal to 0.61 - 0.64 m3/kgVSdestroyed). The yields 
were low compared to sewage sludge, which indicates there may be potential 
benefits from co-digestion. The conversion of VS was however similar to sewage 
sludge and Owens and Chynoweth's results. 
Krzystek et al. (2001) investigated the degradation of fresh OFMSW at 36°C. A6 
litre CSTR reactor was used with 10% TS and 6% VS by batch feed mode. The 
HRT was 12 days and OLR was 5.0 kgVS/m3/d. Biogas yield was obtained as 0.50 
m3/kgVSadded and VS reduction was 50%. 
Wang and Banks (2000) made a comparison of two types of reactor for OFMSW 
digestion. One was the two stage hydraulic flush reactor (HFR) composed of first 
stage anaerobic hydrolysis/acidification reactor and a second stage aerobic 
activated sludge reactor (see also section 2.3.1.4). The other type was a 
conventional single pass reactor (SPR) as the control. Both the first stage of HFS 
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and SPR were 30 litre working volume cylindrical polypropylene vessels and had 30 
rpm continuous stirrers and were run at 35°C. The second stage of HFR 
combination was a 100 litre completely mixed sequencing batch activated sludge 
plant. The HFR was operated at hydraulic (liquid) retention times of 2,3 and 4 days 
with solids retention times of 30,25,20,15,10 and 5 days. The aim of the first 
stage process was to wash out the fermentation intermediates produced and 
prevent their accumulation in the hydraulic flush reactor. Then these intermediates 
were removed in the second stage aerobic activated sludge system, the effluent 
from which was recycled to the first stage as the flush liquor. First the sizes of 
particulate of MSW were reduced by a garden waste shredder, then tap water was 
added for dilution and washing. The waste was further pulverised to make a 10% 
total solid feedstock at 88% volatile solid. In all cases the loading rates were in the 
range of 3 to 21 kgTS/m3/d. The results showed that at high loading rate of 10.8 
and 20.8 kgTS/m3/d, the VFAs concentrations of SPR process rapidly increased, 
peaking at 13,000 mg/I, which resulted in process failure. At the same loading 
range, the HFR system showed a slight decline in the solid reduction and a small 
increase in VFAs in reactor. The rate of flush was found to be an important 
determinant in this two stage system and there were improvements when the flush 
rate was decreased from 4 to 2 days of HRT at the highest loading rates. 
Cecchi et al. (1992) operated a3 m3 CSTR reactor treating OFMSW under semi-dry 
conditions at 48 - 55°C. The experimental data showed stable conditions were 
achieved at an OLR between 13.5 and up to a critical level of 20 kgVS/m3/d and at 
lower HRTs than previous work (minimum 6 days). Gas production rate was from 
4.1 to 4.7 m3/m3/d. The specific biogas yields were lower than previous work (see 
table 2.22, Cecchi et al., 1988) from 0.3 to 0.23 m3/kgVSadded and VS removal was 
decreased from 37% to 27% as the OLR was increased and HRT decreased from 8 
to 6 days. 
The anaerobic digestion of MSW was also reported by Rodriguez-Iglesias et al. 
(2000) who used a dry-system pilot plant reactor under mesophilic conditions. The 
reactor was made from an opaque PVC (polyvinyl chloride) reactor divided into 3 
layers or cells. Leachate was recycled to increase hydrolysis. The composition of 
MSW used was organic fraction, 52%; paper, 19%; glass, 7%; plastics, 9%; metals, 
3% and unidentifiable others 10%. Table 2.20 presents the analytical values of the 
organic fraction of the initial municipal waste and its final waste residue 
corresponding to the first and last cells. It could be observed from this table that 
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there were 80% decrease for the volatile solids and COD. The degradation of the 
organic nitrogen presented in the initial waste produced an increase in the content 
of ammonia in the sludge. The concentration of metals also increased in the final 
sludge as a result of their retention in the form of sulphides. 
Table 2.20 MSW organic fraction and final sludge composition (Rodriguez-Iglesias 
et al., 2000) 
Parameters MSW (Feed) Final Treated Sludge 
pH 4.4 8.1 
Moisture -water (%) 63.8 91.7 
Total volatile solids (%) 34.0 5.8 
Total inorganic solids (%) 2.2 2.5 
COD (mg O/g waste) 290.7 58.7 
N-NH4' (mg/g) 1.3 3.8 
Fe (<g/g) 13.7 77.8 
Cu (<g/g) 0.2 1.6 
They found that there was a low degradation rate in the pilot plant due to the large 
amount of recalcitrant and therefore poorly biodegradable substances in the waste. 
The greater part of the paper and cardboard fraction needed more than a year for 
its degradation in a landfill, even with the engineered conditions. The highest-level 
production of biogas formed per tonne of MSW was 93 m3 during the first 4 months 
of operation of the third cell. These values of gas production are ten times lower 
than those achieved in sludge digestion and worse than the previous papers 
reviewed which used pre-treatment and pre-sorting processes. Typically 50% 
destruction of VS was achieved in these processes at between 10-20 days HRTs. 
De Baere (2000) described the full-scale performance of the Dranco0 (Dry 
Anaerobic Composting process) technology involving a single-phase dry 
thermophilic operation for organic solid wastes, in Brecht, Belgium. The capacity of 
plant was for 20,000 tonnes of OFMSW separated as it was collected. There was a 
steady increase in gas production rates over a period of 7 years operating data. An 
average annual rate of biogas yield of 9.2 m3/m3/d was reached with peak weekly 
production rates of 13 m3/m3/d. The organic load in the released water was 
approximately 18.5 kgCOD/m3/d when at a 65% VS removal rate. Specific gas 
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production was 0.1025 m3/kg,, aste added. The average retention time was 15.3 days, 
but 13.7 days was achieved for an 8-month period, excluding the winter months. 
An average pH of 8.3 indicated a stable digestion. A net energy surplus of 165 
kWh per tonne of waste treated was generated as electricity, which represents a 
value of 21 Euro per tonne of waste treated. 
Some other full-scale works have also demonstrated the value of anaerobic 
processes. Data were summarised in table 2.21 by Cecchi et al. (1988) and Peres 
et al. (1992). It can be seen that the dry anaerobic fermentation could permit high 
loading rates and high solids contents in the reactor(e. g. 20 - 40%TS), so the 
biogas and CH4 production rates are also high. However, the conversion 
efficiencies expressed by specific gas production and VS removal all show that 
there are common process limitations for wet and dry processes due to the non- 
biodegradable organic matter, specifically lignocellulose content of the organic 
matter, but poor mixing and high solids or a lack of trace nutrients was also 
suggested but not corroborated. 
Table 2.21 Operating conditions and performance for different types of mesophilic 
anaerobic digestion of OFMSW (Cecchi et al., 1988 and Peres et al., 1992) 
Process 
parameter 
Valorga Dranco Biomet* Univers. 
Louvain 
Univers. 
Venice 
Warren 
Spring Lab 
Type dry dry wet wet wet wet 
Temp (°C) 35 - 37 35 - 40 37 - 42 35 35 30 
HRT(days) 15 16-21 19-27 14-20 9-25 16-100 
Feed conc. 3.0-5.6 
(%TS) 35 40 30 7 10 (%VS) 6.4 10.4 66.0 
OLR 
(kgVS/m3/d) 12 -15 10 -15 2.6/1.6 1-4 2.1 -6.9 2.9-3.9 
SGY 0.14 0.13-0.18 
(m3/kgVSadded) (m3/kgMSW) (m3/kgMSW) 0.43/0.51 
Gas yield 
(m3/m3/d) 4 4.8-5.9 1.1/0.8 - 1.3-3.6 0.9-1.8 
Specific CHayield 0.09** 
(m3/kgVSadded) 0.23 (m3/kgMSW) 0.23/0.29 0.39-0.35 0.39 0.27-0.29 
CH4 yield rate 
(m3/m3/d) 2.6-3.1 0.58/0.46 0.39 -1.37 - - 
CH4 (vol. %) 60 - 65 55 53/57 - 63 - 56 60 - 65 
VSR (%) 45 - 50 55 41/48 - 69 - 63 51 - 55 
MSW: Sludge = 85: 15 (%TS); ** Wet weight 
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2.3.2.5 Codigestion Process 
The option investigated in the research reported in this thesis for improving yields of 
anaerobic digestion of solid wastes is co-digestions. Purcell and Stentiford (2001) 
for example carried out a laboratory scale experiment to treat a combination of 
supermarket organic wastes (fruit, vegetables and bakery waste with a moisture 
content of 82 - 88% w/w) and primary sludge. 4 control digesters and 4 co- 
digestion reactors with a capacity of 20 litre were operated in a water bath at 35°C 
and at 20 days HRT. The co-digestion reactors were fed at OLR ranging from 3-6 
kgVS/m3/d at an average of 81.4 % volatile solids, and the control reactors were 
operated at an OLR ranging from 1-3.8 kgVS/m3/d at the average of 71.7% VS. 
The VS destruction rates were 36.9% for the control reactors compared to an 
average rate of 62.9% for co-digestion reactors. The average destruction rates for 
TS were 27.7% for the control reactors and 53.7% for the co-digestion reactors. 
The average specific gas productions for control and co-digestion digesters were 
0.32 and 0.54 m3/kgVSadded respectively. All these data indicated greater 
productivity for the co-digestion reactors without adverse effect. It is of note 
however that the performance of the control digester are lower than might be 
expected from sewage sludge typically 50% destruction of VS is achieved (CIWEM, 
1996). 
Björnsson et al. (2000) conducted a study using three 0.5 litre bench-scale 
digesters fed with the mixture of carbohydrate-rich food waste and sewage sludge 
at 35°C. After 40 days' stable operation with sewage sludge fed, the OLR of the 
digesters was increased by addition of carbohydrate-rich food waste. Reactor one 
had a mixed feed composition in volume of 36% food waste, 11% primary 
wastewater sludge and 53% excess wastewater sludge (or in VS content of 72%, 
9% and 19%) and received a pulse load by increasing the OLR from 1.6 to 3.6 
kgVS/m3/d. Reactor two had the same feed composition as the reactor one but was 
operated at stepwise increasing OLRs until the process became overloaded. 
Reactor three was operated similarly to reactor two but the feed composition had a 
slightly higher content of the carbohydrate-rich food waste, i. e. 44% food waste, 9% 
primary wastewater sludge and 47% excess wastewater sludge (or in VS content of 
80%, 6% and 14%). The authors found that partial alkalinity and pH decreased and 
VFA levels increased while the OLR was increased. Signs of overloading were 
observed at 5.9 kgVS/m3/d in reactor two and 5.3 kgVS/m3/d in reactor three. The 
authors concluded that the partial alkalinity and VFA levels were reliable 
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parameters for monitoring in these experiments but the pH and gas composition 
were not. 
Edelmann et al. (2000) also studied co-digestion of waste raw fruit and vegetable 
wastes and sewage sludge in two mesophilic digesters in series. Before 
codigestion, sewage sludge was hygienized by thermophilic aerobic treatment and 
the waste was chopped and reduced to a size of 1-2 mm to obtain a 
homogeneous suspension with the sludge. During codigestion, the OLR increased 
about 20% compared to sole digestion of sewage sludge. An increased rate of the 
gas production (m3/d) was 27% by codigestion. The specific methane yield 
remained the same. The results indicated that the addition of organic solid waste to 
sewage sludge improved the degree of anaerobic digestion of the sludge, 
Demirekler and Anderson (1998) investigated MSW digestion at various ratios of 
OFMSW: primary sewage sludge testing ratios of 100: 0,80: 20 and 60: 40 on the TS 
basis (the corresponding OLRs were 5.2,3.9 and 3.2 kgVS/m3/d respectively). The 
experimental work was carried out in three lab-scale semi-batch anaerobic 
digesters operated at 35°C and 20 days HRT. The results showed that The 
OFMSW: primary sewage ratio of 80: 20 (TS basis) was optimum and produced the 
highest SGY of average 0.44 m3/kgVSadded, whereas solely OFMSW feed had the 
lowest SGY, 32% lower than above data. They concluded that the addition of 
primary sewage sludge (PSS) significantly decreased the imbalances observed 
during start-up and improved the process performances. 
Einola et al. (2001) evaluated the codigestion of paper mill wastewater sludge 
(16%TS and 12%VS) and enzyme industry waste (27%TS and 13%VS) with 
OFMSW (30%TS and 26% VS) and municipal wastewater sludge (13%TS and 
8%VS) at the mesophilic batch assays. Digester instability was observed at 30% 
(by wet weight) enzyme industry waste or more. Accumulation of intermediates 
VFAs and toxic byproducts such as ammonia or other unknown inhibitory 
compounds was suggested as factors potentially destabilizing the digesters. It was 
concluded that both paper mill waste sludge and enzyme industry waste could be 
codigested when present in low proportions of 10 to 20%. 
Bench scale R&D trials were also undertaken in 1994-5 by Hatton and Ockleston 
(1997) using a simulated MSW mixture comprising kitchen waste, green waste and 
paper. The digester organic loading rate for mixture of sludge/MSW organics and 
control were 3.4 and 1.6 kg/m3/d respectively. The gas production was 2.5 m3/m3/d 
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for co-digestion and 1.0 m3/m3/d for the control digester. The methane contents 
were 58% and 60% for co-digestion and control digesters respectively. The results 
show that organic loading rate of co-digestion digesters could be doubled, 
compared with the control digester fed with sludge only, without loss of process 
stability. Specific gas production rates for the co-digester also show increased 
volumes compared with the sludge only digester. 
Kübler et al. (2000) carried out a 18 months assessment based on BTA-system 
(figure 2.23 and section 2.2.4.1) for the codigestion of food waste (from canteens 
and restaurants) and slaughterhouse wastes with OFMSW at a biological treatment 
plant in Germany. The digester was completely mixed by biogas injection at 
mesophilic conditions. The OLRs were increased from 3.0 to 6.1 kgVS/m3/d by 
variable amounts pretreated feeds of OFMSW codigested with food waste and 
slaughterhouse wastes. A decrease in HRT from 14 to 8 days decreased the VS- 
destruction from an average 64% to 42.3%. The specific biogas production varied 
from 0.55 to 0.32 m3/kgVSadded, half the expectation from sewage sludge but similar 
to previous studies on MSW. Kübler et al. (2000) reported that optimized operation 
of a codigestion plant resulted in a surplus energy of about 290 MJ/ton of treated 
waste. Before codigestion, the energy surplus was approximately 260 MJ/t. The 
overall conclusion was that codigestion performance was slightly better than of sole 
digestion of OFMSW. The addition of co-substrates (average about 14% w/w) did 
not adversely affect the process, but improved modestly the VS removal and gas 
production. 
Pretreatment of solid co-substrate is normally required to reduce waste particle size 
and to facilitate waste transport through pipes and pumps. Thus additional 
equipment is required both for reducing the particle size and for waste store. These 
deficiencies are, at least partly counterbalanced by an increased biodegradability 
observed after particle size reduction (Kaparaju et al., 2001). This is probably 
related to the higher particle surface-to-volume ratio. 
There is general agreement that co-digestion can increase the gas production from 
mixtures, enabling the co-treatment of various organic waste including MSW in a 
more economically feasible way and providing a suitable substitute for landfilling. It 
is still necessary to study the optimum conditions of the particular mixture and some 
of the fundamentals of waste characteristics. 
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Z3.2.6 Analysis of the Different Digestion Process 
The literature review has established that the biogas productions from anaerobic 
digestion of MSW vary depending on the actual composition of the waste (i. e. the 
biodegradability of substrate used) and specific operational conditions. Figure 2.26 
shows the specific gas yield of each process achieved from the different researches 
reviewed at various organic loading rates. The other results and operational 
conditions of each investigation are listed under the reference number in table 2.22. 
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d 0.4 
ß 0.3 
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a lA 0.1 
  Food waste (1) 
0 Food waste (2) 
f Food waste (3) U 
U, 
* Food waste+sewage CO 
sludge (4) 
f OFMSW+food waste (5) 
OOFMSW (6) 
Q OFMSW+sewage 
sludge (7) 
0 MS-OFMSW (8) 
A MS-OFMSW (9) 
* SS-OFMSW (10) öL 
* OFMSW (11) 
OLR (kgVS/m3/d) 
Figure 2.26 Specific biogas yield versus OLR in the reviewed anaerobic digestion 
processes 
SS-OFMSW. - Source-Sorted OFMSW; 
MS-OFMSW: Mechanically-Sorted OFMSW 
A range of gas yields from 0.2 to 0.8 m3/kgVSadded have been obtained for different 
MSW in the reviews. Comparing the biogas yield of each investigation in terms of 
the composition of waste, it becomes clear that the highest yields were achieved if 
the waste was composed of food, fruit and vegetables (Mata-Alvarez et al., 1992a; 
Mata-Alvarez et al., 1992b; Mtz. -Viturtia et al., 1995 and Pavan et al., 2000). It also 
can be seen that the biogas yields of source-sorted OFMSW were often 
significantly higher than the yields of mechanically sorted OFMSW (Six and De 
Baere, 1992; Peres et al., 1992 and Cecchi et al., 1992). The lignin and inert 
content was an important factor. 
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The results of the investigations show a decline of the biogas yield with the 
increasing OLR. It confirmed that the low-solids (wet systems) processes worked 
better at OLR lower than 6 kgVS/m3/d which is what Hartmann and Ahring (2005) 
concluded. For example, specific biogas yields better than 0.5 m3/kgVSadded were 
obtained in wet digestion process at OLR lower than 6 kgVS/m3/d (depending on 
the composition of wastes) which is similar to sewage sludge. However, higher 
OLRs than 6 kgVS/m3/d were possible for semidry or dry systems (Cecchi et al., 
1992 and Six and De Baere, 1992) although conversions were less effective. The 
operational temperatures and retention times were also important for the biogas 
yields. 
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Chapter 2 
2.3.3 Biodegradation of Other Industrial Waste 
Industrial effluents would be an obvious choice to improve the water content of 
OFMSW. Practical difficulties in realising this potential are location of the sites and 
separation of strong and weak streams in combined sewerage. A common 
potential co-substrate is coffee waste and at the time this research was started, 
there was a National EPSRC supported research programme on coffee wastes. 
Through this programme a local source of coffee waste was found for this research 
project. 
Coffee waste is generated by the instant coffee making process and they are 
available in most countries. They can create problems in the environment due to 
their colour and can cause oxygen depletion in receiving water. Some 50-60 x 103 
tonnes of instant coffee are produced each year in the UK (Fernandez and Forster, 
1993). The production process entails roasting the beans and extracting the coffee 
with hot water which then generates a large amount of strongly coloured liquid 
waste containing a significant solid fraction (-20%) with a typically high COD 
varying from 4 to 60 g/l. The liquid waste is comprised mainly of carbohydrates, 
and hence can be easily degraded anaerobically. 
Coffee pulp contains a wide range of biomass compounds like reducing sugars, 
non-reducing sugars, tannins, caffeine, chologenic acid, lignin, cellulose, hemi- 
cellulose, aminoacids, other organic, nitrogen, phosphorus, together with potassium 
and other minor elements. Boopathy and Mariappan (1985) reported that these 
additional compounds were very important adjuncts for the microbial activities. 
They carried out the batch experiments of anaerobic digestion of coffee pulp in 2.5 
litre capacity digesters. The waste containing coffee pulp and cow dung admixed in 
fixed proportions based on a fixed total solid. The feed concentration of 25% total 
solids was found optimal for yielding maximum methane production in room 
temperature (30±2°C). 
Laboratory scale anaerobic digestion of coffee grounds has been attempted at 
mesophilic and thermophilic temperatures by Dinsdale et al. (1996). They achieved 
the mesophilic continuous digestion at a loading rate of 1.3 kgCOD/m3/day (25 days 
of HRT) for 99 days. Addition of Ca(OH)2, nitrogen, phosphorus and trace 
elements, gave more successful digestion with COD and VS removal of 60% and a 
gas production rate of 0.34 m3/m3/day. Thermophilic digestion could be established 
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at 1.6 kgCOD/m3/day (20 days of HRT) with the same additions. However long 
term thermophilic digestion could not be maintained beyond 50 days with the 
digester showing instability by an increase in total volatile fatty acid occurring. 
Kostenberg and Marchaim (1993) also studied the anaerobic thermophilic digestion 
of solid coffee wastes in laboratory scale digesters. The continuous anaerobic 
digestion process achieved a steady state of fermentation at loading rates up to 4.7 
kgVS/m3/day. The results also showed that the expected addition of nitrogen was 
unnecessary although pH control was necessary by adding CaO as pH stabilizer. 
Lanting et al. (1989) experiments were less successful. During mesophilic treatment 
of combined solids liquid coffee wastewater using a BIOTHANE UASB system, 
46% of the soluble COD were removed from the wastewater. The removal 
efficiency for total suspended solids was 55%. But after seven weeks of operation, 
VFA levels rose rapidly to upset and destabilize the digester when the organic load 
reached around 10 kg/m3/day. 
Azhar and Stuckey (1994) studied anaerobic digestion of instant coffee wastes by 
using the standard batch bioassays technique (Biochemical Methane Potential 
assay), which gave 84% degradation of a composite coffee waste sample at 35°C. 
They found various fractions of the coffee waste gave different degradation results 
mostly attributed to structural chemical differences. The liquid fraction was almost 
60% degradable, and the solids filter cake fraction, containing most of the 
lignocelluloses materials was only 9% degradable. 
Shi and Forster (1993) reported the result of a study which using an organic loading 
rate of 4kgCOD/m3/day, in a UASB process to treat a simulated soluble coffee 
waste in the thermophilic range (55°C). In order to achieve the highest COD 
removals (75%), they had to add additional calcium ions to compensate for the 
inhibitory effects produced by potassium ions which originate from the coffee. 
Experiments at different hydraulic retention times from 24 hours to 6 hours, showed 
a deterioration in performance when the retention time was less than 12 hours. 
Fernandez and Forster (1993) then examined the inhibitory effect of potassium on 
digestion in more detail. Their batch studies showed that concentrations of about 
400 mg/I potassium had a significant impact on the digestion process in both the 
mesophilic and thermophilic range. The effect was appreciably greater at the 
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higher temperature. The continuous flow studies showed as in Shi and Forster 
(1993) that calcium could act effectively as an antagonist to the inhibition. 
Treatment of settled instant-coffee wastewaters was also conducted in laboratory- 
scale single-stage mesophilic and thermophilic UASB reactors by Dinsdale et al. 
(1997) to compare with their work on solids being wastes. Stable digestion was 
achieved at organic loading rates of 10 and 11.4 kgCOD/m3/day in mesophilic and 
thermophilic UASB, respectively. COD reduction in the mesophilic reactor was 
78% compared to a 70% COD reduction in the thermophilic UASB reactor. This 
was much better than any other reported work. 
These previous studies for coffee waste treatment indicate the solids content of the 
feed to be an important control variable. The effect of low solids feeds such as 
coffee wastewaters, combined with the anaerobic digestion of urban wastes, 
sewage sludge and OFMSW are considered in this research. 
2.4 CHAPTER SUMMARY 
In summary therefore, section 2.1 has identified that anaerobic digestion technology 
can be an alternative treatment for reducing waste disposal to landfill and the 
emission of greenhouse gases. In addition, the need for alternative sources of 
energy continues to become more important as options such as wind, fuel cells, 
biomass etc. encounter their own problems. Despite the substantial amount of 
literature at bench, pilot and full-scale with mesophilic and thermophilic, wet and dry 
systems from Europe on the digestion of MSW, there is little from the UK. Part of 
the reason for this is the high capital cost of digestion facilities and power 
generation plant but the lack of independent experience is a major factor. However 
this does not take into account the better energy and more sustainability of 
advantages of codigestion. The current cost estimates for anaerobic digestion are 
1.2-1.5 times higher than composting, which may continue to restrict the 
development of large-scale commercial facilities in the UK (Purcell and Stentiford, 
2001 and De Baere, 2000). 
There is a limited market for the wet digested product because of fears of persistent 
pollutants entering the food chain. This also impedes the rapid development of new 
AD technology for MSW treatment. This worry also affects the anaerobic digestion 
of sewage sludge, although currently it is the most common treatment process. 
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Several design guides and reviews for mesophilic sludge digestion are summarised 
in table 2.23. Results are in general better than MSW treatment in terms of specific 
gas yields and solids destruction. There are some commercial risks from the 
perception and poor management of MSW digestion process. Therefore there are 
likely to be problems in disposing of the treated residues from all processes, 
composting, sewage sludge and all solids wastes. Currently, the criteria for the 
fertilisers from treated residues is under discussion by EU for the formulation of a 
soils directive. 
Table 2.23 Summaries of several design guides and reviews for mesophil/c 
sewage sludge digestion 
References OLR 
(kgVS/m3/d) 
SGY 
(m3/kgVSdestroyed) 
Destruction 
of VS (%) 
HRT 
(days) 
CIWEM (1996) 0.8-1.6 0.8-1.1 40 - 50 15 - 18 
U. S. EPA Regulation - - > 38 - 
Schafer et al. (2003) 
Purcell and Stentiford 1-3.8 0.87 36.9 20 
(2001) 
Peres et at. (1992) 1-3.8 0.61-0-64 56 - 58 20 
- No data 
As the environmental constraints for the disposal of MSW are getting more 
restrictive and more expensive, anaerobic digestion of the organic fraction of MSW 
can better meet the requirements of the EU Directive for waste management: 
including recycling, energy saving and odours emission. De Baere (2004) has 
predicted that in the next decade in Europe, anaerobic digestion of the organics 
fractions of MSW will eventually become more important than composting for these 
combinations of reasons (section 2.1.4). 
Section 2.2 summarized what was known about the optimal chemical and physical 
conditions for anaerobic treatment and reviewed current AD technologies systems 
for MSW treatment. It was found that the lignocellulose (fibre) conversion was the 
rate limiting step in anaerobic digestion of municipal waste (section 2.2.3) and the 
efficiency of hydrolytic solubilisation step was dependent on the content and access 
to easily degradable polymers. Another finding was that wet digestion was a more 
attractive method particularly for codigestion of several waste streams like sewage 
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sludge, manure, industrial effluent and OFMSW. The advantages were shown in 
section 2.2.4.3 and the conclusion was that wet digestion of these wastes provided 
better mixing and nutrient balance. 
Section 2.3.1 reviewed the pretreatment processes for MSW digestion, including 
mechanical, chemical and biological pretreatments. Pretreatment process was 
shown to be an important accelerating step for organic solid waste digestion. 
Particle sizes reduction can increase surface area for enzyme attack and improve 
mixing and therefore treatment efficiency by enhanced degradation rate of solid 
waste. Section 2.3.2 demonstrated that anaerobic digestion was a viable for both 
source separated organics and OFMSW after mechanical treatment. It was found 
that food wastes were most readily degradable under anaerobic conditions whereas 
garden or green wastes which contain high lignocellulose content were the hardest 
to degrade. Thus the composition and biodegradability of the wastes would affect 
the biogas yield during anaerobic digestion. Section 2.3.2.5 reviewed that 
codigestion worked well for various organic wastes including MSW. Section 2.3.3 
highlighted research on coffee waste since this has been the subject of previous 
research in the Department and coffee waste is produced locally. 
In brief, dedicated well controlled plants with good characterisation and analytical 
facilities are suggested by this literature review as the way forwards. 
Thus based on the literature review, research methodologies were needed to 
investigate the rate of hydrolysis of novel combinations of organic wastes to 
accelerate the rate of digestion of OFMSW. These co-wastes needed to be 
selected so as to vary the fibre content in a controlled way (shown by the literature 
review to be important). 
Laboratory experiments were also needed to establish the type and range of solids 
concentrations which could be safely fed into the anaerobic digester in order to 
achieve optimum digestion. Properly controlled studies on this with different 
combinations of materials had not previously been carried out. 
In the next chapter, the experimental design and analysis methods are established 
based on the aims and objectives of the study (chapter 1) and major findings from 
literature reviews. 
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Chapter 3 
Experimental Apparatus and Methodology 
This chapter presents the methodology and apparatus utilised in the experiments 
during this investigation. Section 3.1 details the different designed experimental 
programme for the hydrolysis experiment of food wastes. Section 3.2 presents the 
experimental design by using continuously stirred tank reactor (CSTR) together with 
the proposed experimental programme for each codigestion experiment. Section 
3.3 describes the designs and proposed programme for the lab-scale sole 
digestion of organic fraction of municipal solid waste (OFMSW). Finally analytical 
procedures for determining the performance of the experiments are outlined in 
section 3.4. 
In general, biodegradability assays are based on the measurement (vs. time) of a 
variable related to one or more substrates or to one or more products involved in 
the biological reaction under investigation. Angelidaki (2002) reviewed the 
principles of measurement for anaerobic biodegradation assays showed in figure 
3.1. The choice of analytical equipment and careful interpretation of data are 
required to give meaningful results when monitoring these parameters. 
Production formation 
measurement 
(e. g. VFA, intermediates, 
biogas, methane) 
Biodegradability Assays 
Substrate depletion 
measurement 
(VS, TOC, COD, etc. ) 
Figure 3.1 The principles of measurement for biodegradability assays 
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3.1 EXPERIMENTS OF HYDROLYSIS 
As reviewed in previous studies, hydrolysis is the rate-limiting step for solid waste 
digestion (section 2.2.3). The hydrolysis experiment was then designed to to 
identify any factors which affected the hydrolytic rate of food wastes. The 
experiments were conducted in the batch mode and the important parameters were 
measured. The following flowchart shows the designed process of the 
experiments. 
Food Shredding/ Inoculum/ 
waste Mixing Mixing 
Figure 3.2 Flowchart of the hydrolysis experiments 
3.1.1 Components of Food Waste 
c=- Hydrolysate 
Two kinds of catering wastes were used in the experiments. 
" Real food waste: random leftover food waste from local restaurant - 
predominantly cooked potatoes, pasta, rice, noodles, dairy product, gravy, few 
vegetables and fishes meats from Italian style cooking (plate 3.1). 
" "Synthetic" food waste: a fixed composition and proportion of source 
separated catering waste by raw weights shown in table 3.1 and plate 3.2. 
They were used for well controlled comparative experiments. 
Table 3.1 The composition of synthetic food waste by raw weight 
Synthetic kitchen waste Composition 
Potato peels 50 % 
Vegetables (cabbage leaves 50% 
+ carrot peels 50% ) 
30% 
Fruits (strawberry or apple) 15 % 
Cooked chicken meat 5% 
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"Synthetic" food wastes were all raw food wastes except the cooked chicken meat. 
The synthetic food wastes were collected from the kitchen of a hotel on the 
campus 
Unlike the synthetic waste, the real food waste was more putrescible and still active 
even when they were stored at 4-5°C in a cool room prior to the tests. 
3.1.2 Mechanical Disruption for Reducing Waste Size and 
Homogenisation 
For real food wastes, firstly unwanted inerts such as plastic film, foil and bones from 
meat were removed by hand before they were ground by using a pestle in a mortar. 
Then the pasty mass was shredded in a blender with two cutters. This reduced the 
major particles to around 2 mm in size and this mixture was then made into a 
suspension with inoculum, such as supernatant of settled anaerobic digestate or 
tap water. The appearance of the sample after mechanical homogenization and re- 
suspension was like a slurry. 
For "synthetic" food waste, the vegetable wastes were firstly cut to around 5 cm in 
size and then chopped in the blender until the particles sizes were reduced to 
around 2 mm. Before chopping and blending, the mixed proportions were made 
according to experimental design in table 3.1. The following steps were same as 
above. 
The blender was 500 Watt and the lowest speed button of blender was selected for 
chopping and mixing. The average chopping time was around 3 minutes for about 
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300 g of real food wastes and was around 5 minutes for 300 g of synthetic food 
wastes. 
3.1.3 Hydrolysis Experiments Set-Up 
The standard Jar Test equipment (plate 3.3) and mechanical stirrers (plate 3.4) 
were used which enabled reproducible stirring of samples with a rotation speed of 
80 rpm. 1 liter beaker with active volume of 400 ml was covered by parafilm® 
during the hydrolysis experiments. 
% 
Plate 3.4 Mechanical stir test 
3.1.3.1 Effects of Individual Factors on Hydrolysis Process 
The waste mixtures used in this experiment were the real food waste and 
supernatant of digestate as inoculum. 
- Temperature: the different temperatures at 5,22,35,42,50 and 60°C were 
conducted to look at the correlation between the hydrolytic rate, acid-formation 
and temperatures. 
- Organic content: different volatile solid contents of 1.3%, 2.6%, 3.3% and 
3.7% were tested to investigate the correlation between the hydrolytic rate and 
organic contents. The waste mixtures were tested at 35 °C and 40°C 
respectively. 
- Mechanical stirring: the impact of mechanical stirring on hydrolysis and acid 
production was investigated. The waste mixtures were tested at ambient 
temperature and 35°C respectively. 
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3.1.3.2 Effects of Integrated/Multiple Factors on Hydrolysis Process 
The aim of these experiments was to analyze the interaction of multiple factors on 
hydrolysis, to identify the significant factors and better combinations for accelerating 
the hydrolysis process. Figure 3.3 shows the experiments process and conditions. 
The multiple factors' were type of waste, type of inoculums, temperature, 
mechanical mixing and enzyme addition. The two kinds of wastes: i. e. real food 
waste and "synthetic" food waste were tested. In the mean time, different 
parameters were applied in the batch mode. The experimental design is explained 
and illustrated in the following diagram. The experimental procedure and 
performance were same as before and the relevant parameters were monitored. 
Real 
food waste 
Mechanical Biological 
retreatmen °-ý hydrolysis ý- 'ýý' 
Hydrolysate 
Synthetic 
food waste 
Shredding; Slurrying; 1 1Inoculum; Temperature; enzyme; 
Mixing Stirring; Aerating 
Figure 3.3 The flow diagram of multiple factors hydrolysis 
No previous work on adopting a statistical method of experimental design and 
analysis in a hydrolysis screening experiments had been carried out in order to 
identify the important factors which affect the hydrolysis process. This would 
therefore be novel. "A single replicate of the 2k design" was adopted (Montgomery, 
1997). 
The hydrolysis experiment was designed as a 25 factorial experiment and presented 
table 3.2. The 25 means 5 factors in 2 levels. The 5 factors to be considered were 
5 variations, i. e. the type of food waste, temperature, mechanical stirring, inoculums 
and enzyme addition. Each factor has 2 situations which were listed below: 
1) The factor of type of waste: real food waste and "synthetic" food waste; 
2) The factor of temperature: 22°C (ambient) and 35°C; 
3) The factor of mechanical stirring: 80 rpm of stirring rotation speed and 0 rpm, 
i. e. non-stirring; 
4) The factor of inoculum: tap water and supernatant of digestate; 
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5) The factor of enzyme: amylase addition or no enzyme addition to the samples. 
The enzyme used in this test was a-amylase (bacteria source) lyophilised from 
Bacillus subtilis. Details of this were: 
" Appearance: brown powder; 
" Activity (starch, pH 6.0 and 25°C) 130 U/mg; (1 U corresponds to the amount of 
enzymes which liberates 1 pmol maltose per minute at pH 6.0 and 25°C); 
" Supplier: BDH Biochemical, VWROInternational; 
" Its catalogue number: prod 391182T. 
A total of 32 tests identified as T1 to T32 inclusive, were designed and showed in 
table 3.2 and in figure A-1 of Appendix A. For example, 
" T1 (Test 1): 22°C ambient, mechanical stir (80 rpm), 400ml mixture of the 
synthetic food waste and the supernatant of the digestate, adding enzyme; 
" T32 (Test 32): 35°C, non-mechanical stir (0 rpm), 400ml mixture of the real 
food waste and tap water, non-enzyme adding. 
The detailed experimental conditions of each test were described in section A. 1 of 
Appendix A. Indicators of TS, VS, VSS and pH were carried out according to the 
Standard Methods for the Examination of Water and Wastewater (APHA, 1989). 
As mentioned previously in this section, the hydrolysis experiment was designed as 
a 25 factorial experiment. It is possible to conduct factorial ANOVAs (analysis of 
variance) using either the UNIANOVA ("Univariate" ANOVA) or MANOVA 
("Multivariate" ANOVA) programmes in SPSS. MANOVA is a complicated 
procedure because of the attempted simultaneous analysis of all the dependent 
variables. Most rates of biological reaction including anaerobic digestion are 
dependent on a number of variables. An alternative to the MANOVA approach is to 
use the some of the results from a succession of single variable data sets (additions 
of UNIANOVA Univariate). This makes the statistical analysis of the data simpler. 
A software system for carrying out this task (UNIANOVA in succession) is 
commercially available and Loughborough University has a license to use this 
programme. A useful help site (http: //www. ucalaarv. cafit/self_help/SPSSrndex. htm) 
is also available. Therefore this type of UNIANOVA is adequate for analysis and 
was used in this factorial experimental design. The programming details of this 
SPSS© software of the "UNIANOVA Command Syntax" is shown in Appendix A. 2. 
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Chapter 3 
3.2 CO-DIGESTION EXPERIMENTS 
In this research, co-digestion was investigated. The choice or design for the 
laboratory scale reactors is normally dependent upon the factors such as reactor 
solids concentration, mixing strategy, temperature and number of stages. One of 
advantage of codigestion with sewage sludge is to use the existing assets at 
sewage treatment works digesters. Therefore the continuously stirred tank reactor 
(CSTR) was chosen to be the lab-scale reactors in this experiment series based on 
the integrated consideration. 
Continuously stirred tank reactors (CSTR) are the simplest, robust and most 
abundant form of low-solids (TS < 15%) reactor. This system is both simple and 
reliable with operation in different wastes as a single phase, besides it is also cost 
effective, cheap to maintain and easy to recover and restart from overloading 
problems. There is a large literature on a number of commercial and pilot scale 
plants. The CSTR reactor is mixed usually by a mechanical stirrer to maintain good 
contact between bacteria biomass and the organic material to be digested. 
3.2.1 Co-Digestion of Pretreated Refuse and Sewage Sludge 
Figure 3.4 showed a flow diagram for co-digestion pretreated refuse and sewage 
sludge. The work reported here was concentrated on the impact of the elutriated 
prehydrolysed refuse (with higher dilution) on co-digestion and the characteristics of 
the digestates. This type of experiment had not previously been carried out. 
Aerating 
Hydrolysate Biogas 
Slurrying 
MSW CSTR Digestate IGESTE 
Macerating/ 
Sieving 
Sewage Dewatering 
sludge 
Separation/ 
Effluent I Sludge 
Figure 3.4 Flow diagram of separated hydrolysis stage and anaerobic digestion 
stage for the codigestion of pretreated refuse and sewage sludge 
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3.2.1.1 Experiment Set-up 
Two laboratory scale standard kit fermenters (QVF process systems Ltd. ) with 9I 
working volume and 10 I total volume were set up for the experiments. The 
fermenter flask heads include four access points, i. e. a central stirrer port, a gas 
monitoring port connected to an automatic flow meter and data logger (Alexander 
Wright LFM 300) and two feed ports in which one was used for daily batch feeding. 
One side port was connected to a peristaltic pump for removing treated sludge. 
The reactors were maintained in an incubator room at temperature of 35°C (±1 °C). 
A schematic diagram of the experiment set up is shown in figure 3.5. 
BIOGAS 
1 ffTfl 
Figure 3.5 Schematic diagram of experimental set-up 
One reactor as a control was fed only sewage sludges and another one as an 
experimental digester was fed the combinations of wastes. The reactor was fed 
from the top through a port once a day (except weekends). Before the reactor was 
fed, an equal quantity of effluent was removed from the reactor. Each reactor was 
continuously mixed by means of a motor (Heidolph, RZR 2050) driven stirrer, which 
was inserted through a draught tube to maintain anaerobic condition. The stir 
speed was 130 revolutions per minute (rpm). 
3.2.1.2 Parameters To Be Measured 
Basically parameters of BOD, COD, TS, VS, VSS, TKN and ammonia were 
analysed according to the Standard Methods for the Examination of Water and 
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Wastewater (APHA, 1989). The analysis equipment, method and procedure of 
TOC, ICP, Ripley's Ratio (alkalinity), CST, VFA, biogas production and viscosity 
were described in sections 3.4.1 and 3.4.2. 
The characterisations of the hydrolysed MSW were analysed by measuring their 
biochemical oxygen demand (BOD), chemical oxygen demand (COD), total organic 
carbon (TOC), total Kjeldahl Nitrogen (TKN), total solid (TS), volatile solid (VS), 
suspended solid (SS), volatile suspended solid (VSS), pH value and free ammonia. 
The TS and VS of sewage sludge were measured. The critical metals in the 
hydrolysate and sewage sludge were detected by inductively coupled plasma (ICP) 
atomic emission (AtomScan 16). 
The performance of digesters was investigated by monitoring some parameters 
which were described in figure 3.1. Routine analysis of TS, VS, soluble COD and 
pH value for the digestates and the analysis of TS and VS for the feed were carried 
out 5 days a week. The volatile acid to alkalinity ratio (Ripley's ratio) and total 
organic carbon (TOC) were measured on centrifuged samples of the digestate 
every week. Capillary suction time (CST) of the digestate was also measured 
weekly. The biogas production was monitored continuously day by day. 
The solid destruction/removal (VSR%) and the specific performance were used to 
analyse the digesters' performance in these experiments. VSR is calculated using 
method: 
VSR (%) _ (VSF - VSp)Xl OO/ 
VSp (3.1 
where VS is the concentration of volatile solids (typically in gram per litre) and the 
subscripts F and P refer to feed and product respectively. 
The specific performance, i. e. specific gas yield (SGY) and specific performance 
rate was used. Specific gas production (SGY) was m3/kgVSremovg, which gives an 
indication of the efficiency of the conversion of VS to biogas. The formula used to 
calculate SGY was: 
SGY (m3/kgVSremog, )= (biogas yield)/ ((VSF - VSP) x feeding volume) (3.2) 
where VS and the subscripts F and P referred to are the same definitions as above. 
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Specific performance rate (SPR) expressed by VS destroyed in per cubic metre of 
active volume of per day provides an alternative quantity to use for comparison of 
the efficiency of costs and is linked to treatability during overall degradation 
process. The formula used to calculate SPR was: 
SPR (kgVSre, owm3/d) = ((VSF - VSP) x feeding volume/day)/active volume of reactor (3.3) 
where VS and the subscripts F and P referred to are the same definitions as above. 
3.2.2 Co-Digestion of Other Wastes and Sewage Sludge 
In this study, the codigestion of the sewage sludge and three different wastes were 
investigated. These three wastes were the vegetable waste, the garden waste and 
the coffee waste. Figure 3.6 shows a flow diagram for these three co-digestions. 
The procedure of the experiment set-up was same as the description in section 
3.2.1.1. 
Coffee waste/ 
Vegetable waste/ Biogas 
Garden waste 
DIGESTER---( Dewatering 
Sewage 
sludge Effluent Sludge 
Figure 3.6 Flow diagram of the co-digestion of the sewage sludge with the coffee 
waste, or the vegetable wastes or the garden wastes respectively 
The coffee wastewater was obtained from one of the coffee factories, Nestle in 
Sudbury (Burton on Trent) and was stored in a cold room (5 ±1 °C) at the lab until 
use. The vegetable wastes was collected from private household and stored in the 
cold room at the lab until use. The compost used in this test was SITA Organo 
compost (see www. sita. co. uk or contact Organo@sita. co. uk) obtained from 
Loughborough waste recycle centre. This stabilized "County compost" is a peat 
free organic compost produced from garden wastes in Leicestershire. The garden 
waste used to produce the compost includes leaves, grass clippings and trimmings, 
straw, branches, twigs and hedge cuttings. This composted material was rich in 
lignin, and was selected as a waste with poor biodegradability. Compost is the 
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partially decomposed remains of plants which undergo an aerobic digestion and 
become stable. In its final state of decomposition it is referred to as humus. 
Sewage sludge was collected once a week from Loughborough sewage treatment 
plant. 
The Analysis of TS, VS, TSS and VSS of the feed wastes and digestates were 
carried out five days a week. pH was monitored daily on the digestate. The biogas 
productions were monitored continuously using an electronic low-flow gas meter 
(LFM 300, Alexander Wright) to evaluate the performance of the digesters. The 
digester performance was assessed by VS removal and specific gas production to 
identify their biodegradability performance. 
3.3 OFMSW DIGESTION EXPERIMENTS 
An investigation into the performance of the reactors of the anaerobic digestion 
plant to model the proposed Leicester plant was carried out. The three lab-scale 
standard kit fermenters with a91 active volume were utilised in the warm chamber 
at 35°C (mesophilic condition). One digester was used as the control, the second 
one was for the trials of hydrolysate feeding and the third one was for the trial of the 
enzyme treatment. Their performances were compared to each other and 
discussed in chapter 7. 
The Analysis of TS and VS of the feed wastes and digestates were carried out five 
days a week. pH was monitored daily on the digestate. The biogas productions 
were monitored continuously using Challenge FLO-CELL' anaerobic respirometer 
(section 3.4.2.4). The CSTR performance was assessed by VS removal, specific 
gas production, alkalinity balance, changes to specific resistance to filtration, i. e. 
capillary section time (CST), viscosity and pH to identify their biodegradability 
performances. 
3.4 ANALYSIS TECHNIQUES 
The non-standard methods used during these investigations for anaerobic digestion 
were described in more detail. 
3.4.1 Standard Methods 
The analyses of BOD, COD, TS, VS, VSS and ammonia were carried out in 
accordance with the Standard Methods for the Examination of Water and 
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Wastewater (APHA, 1989). The pH value was determined by using a pH probe 
standardised with pH 4 and 7 buffer solution and corrected for temperature. 
3.4.1.1 Total Organic Carbon (TOC) 
A Dohrmann DC-190 Total Organic Carbon Analyser was used based on the 
combustion-infrared method and it is particularly suitable for samples with low 
suspended solids. The samples of known volume are injected into a heated 
reaction chamber packed with an oxidative catalyst and all carbon is oxidised into 
CO2. These CO2 are measured by an infrared analyser to give total carbon (TC). 
Then inorganic carbon (IC) is measured by injecting the same volume sample 
through a bath of phosphoric acid and this is time only the IC is converted to CO2 
which is measured by the infrared analyser to give inorganic carbon (TC). TOC is 
calculated from the difference between the TC and IC shown in equation 3.4 and 
expressed in ppm (mg/I). 
TOC = TC - IC (3.4) 
In this study, the waste sample was centrifuged (Universal 30F, Hettich Zentrifugen) 
with a g-force of 13798 g (RCF) at 11000 (rpm) for 10 min with subsequent filtration 
through a 1.0 pm (pore size) GFC filter paper. The filtrate then was diluted 50 times 
if the sample obtained was the feed waste or 10 times if the sample was the 
digestate. 50 pl final diluted sample was injected into the TOC Analyser until a 
duplicate was obtained with a standard deviation below 2% reached. The TOC 
analysis was carried out for the samples in hydrolysis experiments as an important 
parameter. 
3.4.1.2 Inductively Coupled Plasma (ICP) Method 
The potential toxic metal contents in the sample of waste feed was measured using 
an AtomScan 16 inductively coupled plasma (ICP) machine (Thermo Jarrell Ash 
Corporation). The ICP source consists of a flowing stream of argon gas ionized by 
an applied radio frequency field typically oscillating at 27.1 MHz. This field is 
inductively coupled to the ionized gas by a water-cooled coil surrounding a quartz 
"torch" that supports and confines the plasma. A sample aerosol is generated in an 
appropriate nebuliser and spray chamber and is carried into the plasma through an 
injector tube located within the torch. The sample aerosol is injected directly into 
the ICP, subjecting the constituent atoms to temperatures of about 6000 to 8000 K. 
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The high temperature of the plasma excites atomic emission efficiently. Ionization 
of a high percentage of atoms produces ionic emission spectra. 
The waste sludge sample was centrifuged for 10 mins at 11000rpm (13800 g-force) 
and supernatant was diluted appropriately for analysis. The ICP machine was 
calibrated with standard solutions to give a calibration curve, which was 
approximately a straight line. The metals measured were cadmium, chromium, 
copper, lead, zinc and Iron. 
3.4.2 Non-Standard Methods 
3.4.2.1 Ripley's Ratio (Alkalinity) 
Several investigators had observed that the gas composition parameters only 
changed after an imbalance is well developed. The importance of monitoring liquid- 
phase parameter must be stressed. The pH, however, is unreliable as a means of 
process monitoring, because of possible variation in buffering capacity due to 
changes in substrate composition (Björnsson, et al., 2000). In this case the use of 
pH measurements combined with measurement of alkalinity (Ripley's ratio) was 
adopted. 
Alkalinity is defined as the acid-neutralising capacity of a solution and gives an 
indication of the buffering capacity of the digester. Ripley et al. (1986) reported on 
a simplified alkalinity measure for the rapid changes in anaerobic processes, 
particularly inhibition. Ripley's Ratio is a ratio of volatile acid to alkalinity in the 
sample and can be measured by titration using hydrochloric acid (0.5 M). Titration 
from original sample pH to pH 5.75, or partial alkalinity (PA), results in an alkalinity 
that corresponds roughly to bicarbonate alkalinity, as demonstrated by Jenkins et 
al. (1983). Titration from pH 5.75 to 4.3, or intermediate alkalinity (IA), 
approximates to the volatile acids alkalinity (Ripley et al., 1986). 
Therefore Ripley's Ratio can be calculated according to equation 3.5 which is 
dimensionless and does not need precise values of digestate but takes into account 
both bicarbonate and volatile acid buffering capacity. 
Ripley's Ratio = IAIPA = BYA' (3.5) 
Where A' = Volume of HCI used to reduce pH to 5.75 (ml) 
B' = Volume of HCI used to titrate from 5.75 to 4.3 (ml) 
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Titration of the effluent sample to an endpoint of pH 5.75 (PA), and then to pH 4.3 
(IA) makes it possible to distinguish the relative buffering contributions of both 
bicarbonate and VA in the anaerobic digestion of a medium-strength waste. When 
the IA and PA are combined, a change in either tends to be exaggerated, i. e. 
Ripley's Ratio increases rapidly with a process upset, then decreases with 
recovery, and is thus more easily detected during a process upset. Additionally the 
ratio is dimensionless, any analytical errors that may arise from titrant or sample 
volume measurement are avoided. 
Ripley's Ratio is a useful monitoring parameter in assessing anaerobic digester 
performance although there are few published data on Ripley's Ratio. The lower 
the Ripley's ratio the lower the volatile acids. A Ripley's ratio of less than 0.5 
means only trace concentrations of volatile acids are present. The Ripley's Ratios 
were reported less than 0.3 for a digester treating poultry manure in the research of 
Ripley et al. (1986) and around 0.5 for anaerobic filters treating a yeast extract 
containing wastewater (Shaw, 1997). However Callaghan et at. (2002) reported 
that a VFA/alkalinity range of 0.4 to 0.8 did not cause instability in their study of 
codigestion of food waste and manure. 
The utilisation of Ripley's Ratio as an indicator in anaerobic process is not very 
common, however it was suggested by previous work that Ripley's Ratio can 
monitor the rapid change of alkalinity and volatile acid concentration to avoid 
possible digester instability at an early stage. The measurement method of Ripley's 
Ratio is convenient and rapid compared to the measurement method of VFA by 
using Gas Chromatography, which is elaborate and time consuming. Thus Ripley's 
Ratio could be an important and useful performance indicator in anaerobic digestion 
process. 
However application of Ripley's ratio monitoring tool to digestion of medium- 
strength wastes requires recognition of the fact that the ratio of VA to bicarbonate 
(and ammonia) varies with influent composition as well as digester operation. Its 
disadvantage is that it is dimensionless and so does not give an absolute value of 
alkalinity. Alkalinity expressed as mg/L can be incorporated more easily into 
mathematical models, e. g. Anaerobic Digestion Model No. 1 (ADM1) from the 
International Water Association (IWA). 
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Ripley's Ratio was measured twice a week or more frequent for the digestates 
dependent on the requirement of experiment. 
3.4.2.2 Capillary Suction Time (CST) 
Capillary Suction Time (CST) is used as a relative indicator to characterize the 
performance of most sludge dewatering processes. CST reflects the specific 
resistance of the digestate samples to filtration and determines the rate of water 
release from the sludge, i. e. dewaterability. It provides a quantitative measure, 
reported in seconds, of how readily the sludge releases its water. The results can 
be used to assist in sludge dewatering processes and to evaluate coagulation 
effects on the rate of water release from sludges. 
CST model used in this experiment was Triton Type -165 meter, Triton Electronics 
Ltd (plate 3.5). The test consists of placing a sludge sample in a small cylinder (1.8 
cm inner diameter and 2.5 cm height) on a sheet of chromatography paper 7x9 
cms. The paper extracts liquid from the sludge by capillary action. The time 
required for the liquid to travel a specified distance is recorded automatically by 
monitoring the conductivity change occurring at two contact points appropriately 
spaced and in contact with the chromatography paper. The elapsed time is 
indicative of the water drainage rate. The CST of the digestates were measured 
weekly or daily based on the study requirement. 
I 
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Plate 3.5 The CST model used in this experiment 
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3.4.2.3 Volatile Fatty Acids (VFA) 
VFAs (C2-C5) of the samples were determined using a gas chromatograph and a 
flame ionization detector (FID) (Perkin Elmer 8700). Capillary column type 
ZEBRON (ZB-FFAP) was 30 m length and 0.32 mm internal diameter. Injection 
temperature was 200°C and FID-detector temperature was 220°C. Air pressure 
was 120 kPa and H2 pressure was 70 kPa. Helium was used as carrier gas with 
pressure 30 kPa and flow rate of (18 ml/min). Temperature program (isotherm) was 
106°C duration 6 minutes. Prior to analysis, the samples were centrifuged 
(Universal 30F, Hettich Zentrifugen) at 10000 rpm for 20 mins with subsequent 
filtration through a 1.0 pm GFC filter paper. 1 pI diluted filtrate was injected into gas 
chromatograph for measurement of acetic, propionic, butyric and valeric acids. 
Acetate is the species of most interest for supplement to anaerobic digestion. 
3.4.2.4 Biogas Production 
The biogas production was measured in the co-digestion experiments by using an 
electronic low-flow gas meter (LFM 300) manufactured by Alexander Wright (figure 
3.6). To prevent the damage to the flow meters, the biogas was dried by passing it 
through a cylinder packed with self indicating silica gel before it entered the flow 
meters. Exiting biogas was vented to the exterior atmosphere. The daily biogas 
produced by the digesters was read from the meter display and expressed as Vday 
and the data logged was downloaded daily. 
In the OFMSW digestion experiment, the biogas produced from the lab-scale 
digesters was measured by the 4-cell FLO-CELLTM anaerobic respirometer 
(Challenge Environmental Systems, Inc. ). This system consists of a gas measuring 
unit and interface module which depicted in plate 3.6. The meter contains 4 flow 
measuring cells with four flow accumulators in the interface module. The interface 
module also allows the meter to be connected to a computer for data acquisition. 
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Data Cable Cable connection between 
cell base and interface module 
. 11 
L 
r 
.1 
i 
Plate 3.6 The flow meter used in the experiment of MSW digestion 
Gas Out 
Gas In 
The Challenge's large volume flow cell (figure 3.7) operates on a sequential 
siphoning principle. Gas flowing into one side of the cell pushes oil fluid in the cell 
downward until the level in the inlet side reaches the upper tip of the inlet side of an 
internal siphon. At this point, the gas trapped in the inlet side of the cell evacuates 
through the siphon tube and the oil level re-stabilizes to its original position. The 
returning fluid triggers a LED (light emitting diode)-detector in the cell base. The 
cell base interconnects with the interface module to allow the data acquisition. 
Gas In Gas Out 
z- rt 
Cell base for 4-cell 
FLO-CELLT"' units 
Figure 3.7 Schematic diagram of operating principle of the large-volume flowcell 
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3.4.2.5 Viscosity 
Viscosity is a measurement of a fluid's resistance to flow. During anaerobic 
digestion of sludge, solids concentration and particle size distribution, which 
affected the particles pack together, were major influences on viscosity (Slatter, 
1997). Previous experiments in the laboratory (not reported) have shown motor 
torque was not sufficiently sensitive for on time viscosity changes, so viscosity of 
digestate was measured with a Brookfield DV-II+Pro Viscometer in the trial for 
comparison with other data. 
Plate 3.7 shows the traditional Brookfield viscometer used in the experiment. 
Viscosity in mPa"S and temperature in degree °C were recorded, as well as the 
spindle number and speed in rpm. 
Displayed Info: 
- Viscosity (cP or mPa"S) 
-- -- Temperature(°C) 
-% Torque 
- Speed/Spindle 
Spindle-- -, ý Communication with PC 
Sample - 
RTD Temperature Probe 
Spindles selection 
Plate 3.7 The viscometer used and the spindles selection for different viscosity 
measurement for the samples 
RTD: Resistance thermal detector; 
cP: centi-Poise; 
mPa"S: milli-Pascabsecond. 
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Chapter 4 
Hydrolysis Experiments - Results and 
Discussion 
The review of the literature has established that it is hydrolysis that is the first and 
generally the rate limiting step which would affect the overall digestion process 
efficiency. Improvements to the rate of hydrolysis are the major aims of this 
research project. This chapter reports on the results investigating how to improve 
the hydrolysis rate for food wastes, presents and discusses the results obtained 
from two series of small scale (500 ml) batch hydrolysis experiments of food 
wastes. In section 3.1 of Chapter 3, the batch experimental processes and 
monitored parameters were outlined in detail. Controlled alterations to these 
parameters in batch bioreactors were the basis of the experimental programme. To 
begin with, the performances of individual factors on hydrolysis process were tested 
and correlation analyses were carried out to investigate possible cause and effect 
relationships. Then an integration of the factors affecting hydrolysis process was 
explored by adopting a statistical method of experimental design and analysis to 
identify the best methods of accelerating the hydrolysis process whilst minimising 
the number of the experiments. For a detailed definition of the statistical technique 
employed see section 3.1.2. In addition to the results presented here, the raw data 
used for statistical analysis in the integrated factors experiment are shown in 
appendix A. Finally further discussion and a chapter summary are given. Data 
collected during the experiments are available on a CD submitted with this thesis. 
4.1 EFFECTS OF INDIVIDUAL FACTORS ON HYDROLYSIS 
PROCESS 
4.1.1 Effect of Temperature on Acid - Forming Process 
Temperature is important and temperature control is already a standard method of 
improving hydrolysis rates in the slower anaerobic environments. Moreover 
pasteurization will be necessary according to the Animal By-product Directive 
(ABD). 
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In this experiment, the catering wastes were shredded in a blender to become the 
pasty mass. Then they were made into a suspension with the supernatant of 
settled anaerobic digestate from lab-digesters. 
Three waste samples were maintained at temperatures of 4.5±1 °C in a cool room, 
21±1 °C in the open laboratory and 35±1 °C in a warm room respectively. The initial 
total solid and volatile solid for the samples before subdivision were 4.5% and 
3.9%, so the organic content was 86.7% of TS which indicated a potentially high 
biodegradability for this kind of wastes. The beakers were covered by parafilms 
through the test period in order to reduce the loss of volume due to volatilization. 
pH values were used as the indicator of hydrolysis, and were measured every 24 
hours for 4 days and the results are shown in figure 4.1. 
8 
7 
=6 
c. 
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4 
--4.5°C 
21'C 
-0 
3 5°C 
TS 4.5%, 
VS 3.9% 
0 24 48 72 96 120 
Time (hours) 
Figure 4.1 pH trend of hydrolysate under three different temperatures 
The results at 4.5°C indicate the importance of biological activity to the rates of 
hydrolysis. The pH values show the least change and there was very little activity. 
In the first 24 hours at 21°C, the pH of wastes decreased from 7.5 to 6.2 compared 
to 5.3 at 35°C. Hydrolysis activity was therefore linked to the temperature. The pH 
trend became stable after 48hrs at 35°C, and 100 hrs at 21 °C but all reached 
different final pH. These results also suggested that there may be also other time 
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factors as well as temperature and that the process may suffer some biological 
inhibition over time. 
Following the success at 35°C, a higher temperature range of 42(±2)°C, 50°C and 
60°C was investigated. The tests were carried out in the same way. The total and 
volatile solids for the second food waste samples were 1.9% and 1.7%, or less than 
half the solids content of the lower temperature test. The organic rate of VS/TS 
was 89.5% which was similar to previous test. This indicated that the waste 
samples were still highly biodegradable. Figure 4.2 shows the pH trend of 
hydrolysate of the waste samples at these higher temperatures during 56 hours. 
9 
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0- 
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60°C 
\0°C 
42°C 
TS 1.9% 
VS 1.7% 
08 16 24 32 40 48 56 64 
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Figure 4.2 pH trends of hydrolysate under temperatures of 42,50 & 60°C 
The results show an increase in pH when the waste sample was maintained at 
60°C. The hydrolysis process in the waste sample was inhibited at these 
temperatures although thermophilic hydrolysis is reported as possible. Such a 
sudden rise of temperature to thermophilic may have been inhibitory. A brown 
colour was also generated. Penaud et al. (2000) have also observed strong colour 
formation during the thermochemical processing although the conditions were more 
severe (140°C, pH =12,30 min). They reported that the process produced a 71% 
solubilisation of organic solids (measured as COD) but toxic and poorly 
biodegradable molecules could have resulted from nonenzymatic browning 
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reactions, particularly the caramels. Therefore solubilisation was achieved but 
biodegradability of the substrate did not improve, because refractory and/or 
inhibitory materials to anaerobic microorganisms generated. 
Other research (Pavan et al., 2000) also reflected on the temperature effects on the 
hydrolytic reactor. In their research, Pavan et al. (2000) treated SS-OFMSW mainly 
from fruit and vegetable markets using a two-phase digestion system. The 
temperature and hydraulic retention time in the hydrolytic reactor (0.8 m) were 
varied. The methanogenic reactor was operated within the thermophilic range and 
HRT was varied. Table 4.1 shows the experimental conditions in the hydrolytic 
reactor and corresponding results obtained from the first reactor. At thermophilic 
conditions, it was found that the production of VFA was 10 times lower than at 
mesophilic condition. The authors thought this could be linked to the different 
kinetics of the bioreactions in the thermophilic range, which had probably started to 
consume the VFA produced in this first phase, even if the pH conditions were too 
low for methanogenesis (pH =4- 5). However, gas production was not monitored 
in this phase. Based on the results of the effect of temperature on hydrolysis from 
Penaud et al. (2000) and this study, it seems more likely that Pavan et al. (2000)'s 
results were the thermophilic temperature applied and was too high for an enzymic 
hydrolytic phase. 
As with our results, in the study of Pavan et al. (2000) (table 4.1) VFA yield 
increased to a maximum and then declined above about 35°C. It was however not 
possible to compare directly the batch tests used in this study and the continuous 
trial used by Pavan et al. (2000). The flow through could dilute some of the 
accumulating acidity but also the maximum loading rate of 68 kgVS/m3/d in Pavan 
et al. (2000) was very high when compared to any previous work. Thus the 
influence of temperature in Pavan's work may not have been the most important 
variable. Pavan et al. (2000) suggested that the optimum operating retention times 
seemed to be around 2-3 days in hydrolytic reactor. 
111 
Chapter 4 
Table 4.1 Experimental conditions in hydrolytic reactor and corresponded VFA 
produced in the first reactor under different conditions (Pavan et al., 2000) 
Run Temp. (°C) HRT (d) OLR (kgVS/m3/d) VFA (g/I) 
1 34.3 4.6 16.4 19.9 
2 34.8 2.8 31.2 22.6 
3 34.1 1.0 68.5 16.9 
4 54.8 4.9 17.1 2.7 
5 54.8 3.1 24.7 2.3 
6 55.1 1.0 77.9 3.5 
There were no pH value changes at 50°C until after 30hrs incubation (figure 4.2). It 
is supposed that there was a slow acclimation to the temperature compared to the 
test at 42°C where species conversion was unnecessary. At 42(±2)°C there was an 
exponential effect in the first 24 hrs and 45°C could be an upper limit for rapid 
waste sample hydrolysis. This needs further testing to confirm and refine the best 
operating temperature, but implies thermophilic temperatures may be unhelpful and 
re-inoculation may be needed if thermophilic treatment is proposed. To meet the 
Animal By-product regulations of 50°C for 5 hours requirement, it is therefore 
suggested that this temperature is achieved by slow heating over 24 hours to avoid 
inhibition. Alternatively special thermophilic cultures may be needed. 
The warmer temperatures also made total and volatile solids losses more likely 
which would be unhelpful to digestion despite the seal. The final pH values were 
higher than the previous experiments and soluble TOC were not as high as the 
previous experiments with more solids indicating an optimum solids concentration 
too. 
4.1.2 Effect of Solids Waste Contents 
The preparation process of samples was the same as the temperature experiments. 
Figures 4.3a and 4.3b show the pH trends for four waste samples with different TS 
of 1.5%, 2.8%, 3.6% and 4.1% during their hydrolysis process at 35°C and 40°C 
respectively. In the first 20 hours the pH decreased rapidly. After that time, pH 
continued to decrease slowly until the end of the degradation process. 
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In order to show the quantitative relation between the hydrolysis rate and the total 
solid concentration, the slope of line, i. e. the rate of pH decrease (OpH/Ot) for the 
different TS samples during first 20 hours, was calculated using linear least squares 
curve fitting with the measured pH value. The slope coefficients obtained 
corresponding to different substrate concentrations are listed in table 4.2. 
Table 4.2 The rate of pH decrease (LpH/Ot) for the different TS samples at 35 and 
40°C 
TS (%) of waste samples OpH/ot (at 35°C) ApH/At (at 40°C) 
1.5 -0.0372 -0.0503 
2.8 -0.0443 -0.062 
3.6 -0.0498 -0.0697 
4.1 -0.0601 -0.0872 
Figure 4.4 shows the data from table 4.2, and indicates a strong correlation 
between the initial total solids concentrations and the corresponding rate of pH 
decrease (ApH/Ot). 
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Figure 4.4 The correlation between the total solids concentrations and their rates of 
pH decrease (4pH/Lt) during hydrolysis process at temperature 35 and 40°C 
Figure 4.4 shows that the rate of the decrease in pH was dependent on the 
biodegradable substrate concentrations based on the data from these two 
experiments. There is no sign of inhibition reported at 6.85%VS by Pavan et al. 
(2000). In addition, a comparison of the data at the two temperatures 35 and 40°C 
(figure 4.4) also confirms the more rapid hydrolysis at the slightly higher 
temperature because the hydrolysis rate constants increased at high temperatures 
(Veeken and Hamelers, 1999). 
First order kinetics are most commonly used to describe the hydrolysis of 
particulate substrates during anaerobic digestion (Henze and Harremoes, 1983; 
ADM 1 (IWA, Anaerobic Digestion Model No. 1) and section 2.2.3.2 of this thesis): 
dXdegr/dt = -kh'Xdegr 
with 
Xdegr: concentration biodegradable substrate (kg/m3), 
t: time (days), 
kh: first order hydrolysis constant (day'). 
As the hydrolysis rate depends on the concentration of the substrate that is to be 
hydrolysed, the highest production of volatile fatty acids is to be expected in the first 
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day after incubation. Therefore the data in this experiment fits this 1st order model 
which predicts that the higher the content of volatile solids, the quicker the rate of 
hydrolysis up to the maximum 4% total solids tested. The influence of the organic 
waste content on hydrolysis and digestion has been reported previously. The 
current experimental results could also qualitatively explain that the rate of 
hydrolysis increased with more smaller particulate organic matter associated with a 
higher initial substrate concentration because of the increase in number of available 
enzyme-adsorption sites per unit mass. The results of the second temperature 
experiment shown in figure 4.2 compared to the results shown in figure 4.1 also 
indicated that dilution reduced the rate of hydrolysis. The results shown in figure 
4.1 were far a higher solids content than those shown in figure 4.2. Ponti, et al. 
(1995) also noted that the availability of simple polymers, and therefore initial 
sewage content, were important to the speed of hydrolysis and digestion. 
4.1.3 Effect of Mechanical Mixing 
The mechanical mixing was applied to the hydrolysis experiments by using the Jar 
Test equipment (shown in plate 3.3 of section 3.1.3). Five food waste samples 
were mixed continuously at ambient room temperature (21±1°C) with 80 rpm stir 
speed. The total solid for the 5 waste samples (food wastes mixed with centrate 
from the digester) were 3.4%, 5.6%, 8.3%, 11.6% and 15%. The reactors were 
covered by parafilms during mixing through the test period to avoid volatilization. 
pH values as the indicator were measured and shown in figure 4.5a. 
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Figure 4.5a pH trends of different solids content hydrolysates at mechanical stirring 
(80rpm)and ambient temperature (21±1 °C) 
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To reach the same degree of hydrolysis, e. g. pH of 6.2, the sample of 3.4% TS in 
this experiment (figure 4.5a) took 30 hours compared to 24 hours without stirring for 
the sample at 4.5% TS at the same temperature (figure 4.1). In order to compare 
each other based on the same solid content, for example 4.5%TS, a derivative plot 
based on data from figure 4.5a was made as shown in figure 4.5b. A correlation 
between the different solids contents of the samples and the time needed to reach 
pH of 6.2 (for example) were shown in figure 4.5b. It can be seen that 
approximately 17 hours would be needed for the waste sample with a solid content 
of 4.5%TS (based on the data derived from figure 4.5a), comparing to 24 hours for 
the waste sample with same solid content 4.5%TS at similar temperature, but 
unstirred condition as shown in figure 4.1. Furthermore the data from figure 4.5b 
confirms the higher the solids contents, the quicker the hydrolysis rates. 
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Figure 4.5b A comparison of effects of stirring on hydrolysis experiments for the 
waste samples of 4.5%TS at 21 °C when pH reached 6.2 
Thus based on above comparison the mechanical stirring may has an improvement 
on hydrolysis, however more experiments are needed to confirm. The impact of 
mechanical stirring was investigated further in the multiple factors experiments. The 
similarity of the results (figure 4.5a) at TS of 11% and 15% implied that the stirring 
may accelerate losses of VOC. The volume change over the 50 hours was not 
detectable but total solids at the end of the experiment were lower than the initial 
but not at a statistically significant level. Mixing may be more important with solids 
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which have a higher viscosity, i. e. higher fibre content and this should be 
investigated further. 
4.2 EFFECTS OF INTEGRATED/MULTIPLE FACTORS ON 
HYDROLYSIS PROCESS 
A 25 factorial experiment was designed and illustrated in table 3.2 of section 3.1 and 
in Appendix A. The experiment process was described in detail in section 3.1.3.2. 
The sample was then subjected to the combination of experimental variables i. e. 
stirring, temperature, enzyme, different inoculum or aeration to allow more rapid 
screening of important variables. pH values were measured regularly during the 
experiments. The total and volatile solids were measured followed by the 
measurement of total organic carbon (TOC) and volatile fatty acid (VFA) after 
centrifuging at the beginning and at the end of tests. The raw data for 32 samples 
at the start and the end of the hydrolysis tests was listed in tables A-1 and A-2 of 
Appendix A. 
4.2.1 The Characteristics of Wastes and Their Change During 
Experiments 
4.2.1.1 Mass Balance 
Table 4.3 shows the average values of total solids, volatile solids and therefore 
organic content (VS/TS) of 32 tests at the start and the end of the hydrolysis tests 
for the following four types of waste combinations: 
f "synthetic" food waste + digestate; 
f "synthetic" food waste + tap water; 
f real food waste + digestate; 
f real food waste + tap water. 
The high ratio of VS/TS means all these samples have a good biodegradability 
based on the waste characteristics. The raw data of TS and VS for 32 samples at 
the start and the end of the hydrolysis tests was listed in table A-1 and A-2 of 
Appendix A. 
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Table 4.3 TS, VS and ratio of VS/TS of the different food wastes at beginning and 
at the end of total 32 tests 
start of the test end of the test, after 24 hrs 
Waste 
combinations TS (%) VS (%) VS/TS (%) TS (%) VS (%) VSTS (%) 
synthetic kitchen 
waste + digestate 11.0±1.6 10.3±1.6 94.1 t0.9 11.2±1.2 10.4±1.1 93.4±1.0 
synthetic kitchen 
waste + tap water 12.1±0.8 11.5±0.8 95.2±0.3 12.5±1.3 11.8±1.3 94.6±0.4 
real food waste 
+ digestate 13.9±3.0 13.1±3.0 94.1±1.4 13.4±2.7 12.5±2.7 93.3±1.6 
real food waste 
+ tap water 13.1±2.1 12.4±2.0 95.2±0.4 12.6±2.1 11.9±2.0 94.4±0.9 
Based on the simple mass balance, the TS and VS of the test should be consistent 
and the same at the beginning and end of the test assuming no volatile losses. 
Diffusion and solubilisation from solid into the liquid and air were anticipated. The 
results showed that the minor mass imbalance occurred after 24 hours hydrolysis 
although the reduced amount in the table may be negligible. 
The losses from evaporation for the samples covered by parafilm at 35°C were 
approximately 0.4% by volume without aeration, mixing and condensation, 
depending on the waste types and inoculum. The evaporation losses here were 
unavoidable and hence may cause an error in the data analysis and comparisons. 
The average amount of losses for all conditions and samples was 6% by volume 
including those from sampling (e. g. adherence by pH meter). Basically the samples 
with mechanical mixing at mesophilic temperatures were observed to have higher 
loss of volumes. It was supposed that some organics were converted to C02, H21 
NH3, VOC and volatile acids and then lost from the system. There were also water 
losses. 
Raynal et al. (1998) reported that the production of carbon dioxide and the small 
quantities of methane and hydrogen were detected resulting from the COD 
degradation, but they were unquantified during the hydrolysis phase. They found 
this was more important in the potato and the carrots than in the salad wastes 
because of their greater starch content which was more easily hydrolysed. Schmit 
and Ellis (2001) detected the sign of small amount of biogas produced at specific 
methane yields of 0.017-0.025 m3/kg VSfed in 55°C acid phase for 3 days HRTs in 
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their study of two-phase digestion of mixtures of primary sludge and OFMSW. 
Bienert (2005) carried out measurements of TOC in waste samples of the input and 
output of a pretreatment pasteuriser collected from the Holsworth Biogas plant in 
Devon. It was found that the TOC concentration in the waste samples decreased 
23% after the pasteurisation at 70°C for an 1 hour, which was a comparatively large 
loss in the TOC content compared to the results reported here. In practice the 
volatilization would have to be controlled in any event to avoid odour and volatile 
organic carbon (VOC) emissions and to reduce a loss of biogas potential for the 
further anaerobic digestion. 
4.2.1.2 The effect of Alkalinity on the Change of pH Level 
The pH values for the digestate and tap water were around 7.6 and 7.2 
respectively. The average pH values for the four types of waste samples (total 32 
waste samples) before and after 24 hours hydrolysis with either digestate or tap 
water as inoculums are shown in table 4.4. The pH value measured with the time 
for total 32 waste samples are shown in table A-3 of Appendix A. 
Table 4.4 shows the real food waste started more acidic than synthetic food waste 
and the digestate was buffered compared with tap water. Therefore the initial pH 
values for the different waste combinations depended on the alkalinity of wastes 
and type of inoculum. For example the initial pH values of the wastes with 
digestate as inoculum were always higher than the same kind of wastes but with 
tap water as inoculum, because the supernatant of digestate had a strong buffer 
capacity whereas tap water did not. 
Table 4.4 The average pH values of four types of waste combinations (total 32 
waste samples) before and after hydrolysis experiment 
Waste combinations pH (start of the test) 
pH 
(end of the test) 
LpH 
Hs- HE 
digestate + synthetic kitchen 6.7310.21 4.49 ±0.11 2.26 ±0.24 
waste 
digestate + real food waste 6.40 ±0.50 4.27 ±0.26 2.17 ±0.59 
tap water + synthetic kitchen 5.30 ±0.23 4.22 ±0.22 1.09 ±0.31 
waste 
tap water + real food waste 4.61 ±0.09 3.98 ±0.18 0.65 ±0.25 
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Figure 4.6 shows some linear relation between the initial pH and the change of pH 
value (ApH) during the hydrolysis process for these four groups of 32 waste 
samples. 
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Figure 4.6 The average changes of pH values (OpH) after 24 hrs hydrolysis as a 
function of initial pH values for these four groups of 32 waste samples 
The results indicate a link between the initial pH values and the type of waste or 
inoculum and that the low initial pH values have a smaller pH drop after 24 hrs 
hydrolysis treatment which was supposed to be at the or near the limit of biological 
activity. Moreover the starting alkalinity may also influence the hydrolytic efficiency 
of the microbial culture when combined with the other affecting factors. Generally 
the rate of pH change (i. e. the rate of pH drop) or hydrolysis in the two groups of 
waste samples inoculated with the digestate was greater than in the other two 
groups with the tap water. The combined effects of the five factors on the 
hydrolysis are analyzed in the following section 4.2.2. 
An accumulation of VFA is normally coupled to a decrease in pH. However the 
high alkalinity in the inherent materials or from the inoculum to the wastes can 
counteract this reduction in pH. Therefore the measurement of pH was not always 
a suitable indicator to compare the solubilisation or total acid production during the 
hydrolysis process. Measurements of VFA and soluble TOC were also used. 
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4.2.2 Sensitivity Analysis of the Factors Influencing Acid- 
Formation 
The designed multiple factors experiments were conducted to find out the most 
significant factors and their best combinations for improving the hydrolytic 
efficiency. A statistical programme software SPSSO (originally named "Statistical 
Package for the Social Sciences"; the "SPSS Inc. " for the leading provider of 
predictive analytics software company and "SPSS" for the original product) was 
used for the data analysis and the programme was listed in of Appendix A. The raw 
data of TOC and pH values of 32 samples at the start and the end of the hydrolysis 
tests was listed in table A-1 and A-2 of Appendix A 
4.2.2.1 The Factors Influencing the Final pH Level 
Figure 4.7 gives an example of the outcome from the statistical programme. The 
measured results are shown in the Appendices. Table A-3 (in the Appendices) 
combined with the controlled experimental conditions described in table 3.2 
(chapter 3) relate to figure 4.7. The effects from the temperature, type of food 
waste and type of inoculum on the final pH values of wastes can then be compared 
directly. It can be seen that the drop of pH value was 0.37 unit for the real food 
waste mixed with digestate and 0.17 unit for synthetic food waste with digestate 
between the temperatures of 22 and 35°C. As expected the higher the temperature 
the more rapid the decline in pH value and rate of hydrolysis. It confirmed the 
temperature effects from the earlier experiments discussed in the section 4.1.1. 
It also can be seen that the final pH with the real food waste was lower than the 
final pH with the synthetic food waste when mixed with digestate at 22 and 35°C 
respectively. The difference between their final pH values was 0.1 unit at ambient 
temperature and 0.3 unit at mesophilic temperature. A possible explanation was 
that the real food waste was more readily biodegradable containing more starch 
than synthetic vegetable wastes which contain more lignocelluloses. This also 
confirmed the effects of the characteristics of wastes from the earlier analysis in 
section 4.2.1.2. 
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components on the final pH value after 24 hrs hydrolysis (statistical plots based on 
32 samples) 
A similar comparison of final pH values of samples with an inoculum of tap water 
shows the same trends on the temperature and type of wastes. The drop of the pH 
value was 0.2 unit for the real food waste and 0.35 unit for the synthetic food waste 
when inoculated with tap water between the two temperatures. The little higher 
decrease of pH for the synthetic food waste inoculated with tap water compared to 
the waste inoculated with digestate was probably due to the strong buffer capacity 
in the digestate. This does not necessarily mean the hydrolysis is less successful. 
The difference between the final pH values of two kinds of wastes was 0.3 unit at 
ambient temperature and 0.12 unit at mesophilic temperature. As with digestate, 
hydrolysis with tap water was sensitive to temperature up to 35°C with the synthetic 
vegetable wastes confirming the earlier hydrolysis experiments. 
The results from statistical programme showed that two of the factors, i. e. stirring 
and amylase enzyme addition, had no significant influence on the final pH value 
obtained. The results about the effects of mechanical stirring confirmed the data 
from the earlier experiment in the section 4.1.3. The result was surprising but the 
possible reason may be that the samples have been mixed well before testing. 
Amylase degrades starch which should have been an important component 
compound in the real waste but not in the synthetic vegetable wastes. Therefore 
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the addition of amylase had no influence on synthetic vegetable wastes. Cellulase 
activity would be worth testing. 
4.2.2.2 The Factors Helping the Increase of TOC Content 
During hydrolysis microorganisms break down large molecules, using enzymes, 
splitting them up into their constituent soluble units. Large molecules/polymers like 
cellulose and proteins are broken down by hydrolytic microorganisms to monomers 
like glucose and amino acids. Therefore the concentration of soluble TOC can be 
used as an indicator to indicate the degree of hydrolysis. For this designed 
experiment, the soluble TOC of the 32 samples was measured at the start and the 
end of hydrolysis test. The increase of TOC was expressed as ATOC (%) = 
(TOCEnd - TOCStart)/ TOCstart. The Amylase dose ratio was 0.125% relating to wet 
weight or 1% to TS (dry matter) in the food waste. 
The results from statistical programme indicated that type of food waste and 
enzyme addition had significant effects by an increase of TOC content in the 
system but that in combination with the other 3 factors did not statistically lead to 
any further improvement. Figure 4.8 shows a univariate analysis of variance of TOC 
increase (ATOC, (%)) for the samples of this experiment. The soluble TOC 
contents in the samples measured at the beginning and the end of experiments are 
shown in the Appendices. Tables A-1 and A-2 in the Appendices relate to figure 
4.8. 
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Figure 4.8 The effect of Amylase on the TOC increase % (statistical plots based on 
32 samples data) 
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It could be seen that without amylase addition, the soluble TOC is increased by 
around 38% for real kitchen waste compared an increase of 142% with the amylase 
addition. 
The rate of anaerobic hydrolysis is a function of the source of the hydrolytic 
enzymes and microbial population. Different hydrolytic enzymes have their specific 
functions. For example, hydrolysis of proteins requires protease and peptidase 
which break proteins into amino acids and peptides. Cellulose, the large (most) 
abundant carbohydrate in waste, is hydrolysed by a complex mixture of enzymes 
including endoglucanase, cellobiohydrolase and Beta glycosidase, which act in 
concert to produce glucose. Lagerkvist and Chen (1993) suggested that in some 
systems at least the availability of the necessary types of cellulolytic enzymes may 
be rate limiting rather than the penetration and diffusion of enzymes into the 
cellulose surface. In theory, thus the addition of a mixture of enzymes is necessary 
and will accelerate significantly the rate of hydrolysis of organic matter (Angelidaki 
and Ahring, 2000; Lagerkvist and Chen, 1993 and Kim et al., 2005). 
The results also indicated that three factors namely stirring, type of inoculum and 
temperature had no significant influences on the increase of soluble TOC value. 
Figure 4.9 shows the effect of mixing on the increased TOC (ATOC %) of two types 
of wastes. The measured TOC contents are shown in the Appendices. Tables A-1 
and A-2 (in the Appendices) combined with the controlled experimental conditions 
described in table 3.2 (chapter 3) relate to figure 4.9. 
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It can be seen from figure 4.9 that constant rate of 80 rpm mechanical mixing does 
not increase the soluble carbons in the hydrolysis process. The reason probably is 
as before the food waste had been homogenously been mixed well with a high 
inoculum concentration but further experiments at higher solids and viscosity 
concentration with more fibrous materials may be needed. Mixing may be less 
certain with fibrous than easily degradable flocculating materials. There is a small 
decrease for soluble TOC produced in the end of test at stirring. The reason may 
be linked to the evaporation of VOC by the mixing which was suggested in the 
previous tests discussed in sections 4.1.3 and 4.2.1.1. 
The process of hydrolysis is actually a metabolic process of hydrolytic enzymes. 
Therefore the addition of amylase enzyme to the real food waste will accelerate the 
rate and degree of hydrolysis, i. e. more soluble carbon contents produced. This 
may explain the results from the statistical programme, i. e. the temperature may be 
less important on the degree of hydrolysis in this stage than the amylase to the real 
food waste. However enzymatic treatment has seldom been applied as 
pretreatment method for solubilisation and biodegradability improvement of food 
waste (Kim et al., 2005). Commercial enzymes are relatively expensive. 
4.2.3 Investigation of Inoculum Effects 
The hydrolysis is a complex process requiring the presence of various types of 
microorganisms. Therefore, a balanced active inoculum is essential for good 
degradation to be carried out. For this reason, it is of great importance to find an 
appropriate inoculum containing the necessary bacteria for the degradation process 
to proceed. Digested sludge is often used in anaerobic biodegradability tests. 
However, when degrading wastes with properties quite different from the sludge, 
other inocula with similar properties would be advantageous. 
The experiments were conducted at 35°C and as noted the initial pH values 
depended on the type of inoculum and its alkalinity. It was observed that 
evaporation occurred under mesophilic temperatures for the hydrolysis test. To 
reduce the loss of volatile organic matter, a condenser connected to the hydrolyser 
vessel was utilised as shown in plate 4.1. The active sample volume was 400 ml in 
1 litre hydrolyser. 
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Three types of inoculum were used for the experiments: 
- supernatant of settled digestate from the lab scale anaerobic digester; 
- final effluent collected from Wanlip sewage treatment plant; 
- tap water. 
The real food waste was used as wastes sample and run at 35°C for 24 hours as 
the hydrolysis experiment. 24 hours and 35°C has previously been shown to 
produce good results (section 4.2.2 and single hydrolysis of section 4.1.1). 
Supernatant from digestate had a strong buffer capacity whereas tap water and 
final effluent did not. Therefore the formation of VFA for the different samples was 
compared rather than using simple pH. Table 4.5 shows the characteristics of the 
waste samples with three different inoculums at the start of the test. 
Table 4.5 The characteristics of the waste samples with three different inoculums 
at the start of the test 
Sample Inoculums VS (kg/m3) VS/TS Dissolved Oxygen 
(mg/I) 
1 Tap water 132.78 92.8% 9.1 
2 Final effluent 135.64 92.8% 7.3 
3 Supernatant of 133.34 92.4% 0.8 
digestate 
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The VFAs in three different samples at the start and end of test were measured. 
The results are shown in figure 4.10 and demonstrate that the supernatant 
digestate produced nearly twice as much VFA as the final effluent inoculum and tap 
water, despite the lower pH found with the tap water (table 4.3). Mace et al. (2001) 
published results from thermal aeration and chemical additions for the pretreatment 
of solid waste. They showed up to 50% increase in VFA with treatment, our results 
show a3 fold increase. 
L 
Key: 
1- Tap water 
2- Final effluent 
3- Digestate 
supernatant 
Figure 4.10 VFAs in different inoculum waste sample at the start and end of 
hydrolysis testing 
The higher bacterial content and adapted inoculum of digestate supernatant are 
thought to contribute to the better hydrolysis. The results also show that the 
dissolved oxygen in the tap water and final effluent did not accelerate hydrolysis, 
confirming the earlier work by Mavanic et al. (2001) who found no improvement with 
oxygen. The proportion of fibre may again influence the results since it is known 
that lignin will only degrade aerobically. 
4.3 CHAPTER SUMMARY 
This study has presented some results for well controlled hydrolysis experiments to 
accelerate the solubilisations of food wastes. 
An optimum temperature range between 40-45'C was demonstrated ruling out 
advantages from thermophilic hydrolysis. 
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The tests at high temperature of 50°C showed slow adaptation with a lag time of 29 
hours for acid production to begin. When the thermophilic degradation started then 
its rate was faster than at the mesophilic temperature (figure 4.2). Thus there were 
probably few thermophilic bacterial in the initial culture. Temperatures over 60°C 
inhibited acidification (based on pH measurement). This was in line with the 
previous work (van Lier et at., 1990) that indicated the bacterial decay rate will 
generally exceed the bacteria growth rate. However our batch tests results still 
cannot be compared directly to other results for continuous flow studies, because 
they were carried out in batch and used an unacclimatised thermophilic culture. 
Therefore more experiments with similar experimental conditions would be 
necessary to confirm this hypothesis that temperature over 60°C would inhibit 
acidification during organic waste digestion process. 
The rates of hydrolysis increased with substrate concentration up to 4%TS. This is 
in line with other work demonstrating first order hydrolysis. Earlier research (Pavan 
et al., 2000) had demonstrated that loading rates greater than 6%VS per day 
tended to inhibit hydrolysis. 
Extended hydrolysis times beyond 24 hrs did not produce any further acid 
production. The final pH value of about 4 was the result of accumulated acid and 
may be so low as to prevent further biological degradation. 
For the tests of effects of integrated/multiple factors on hydrolysis process, the 
results obtained from this work reveal that most significant key factors are 
temperature, organic content and particle sizes on the rate of hydrolysis of food 
wastes. This is in agreement to previous work in the literature. The greater the 
content of volatile solids and higher the temperature the faster the hydrolysis. 
Mesophilic temperatures were found to be optimum. Less well researched factors 
include inoculum type, waste characteristics (e. g. lignocellulose content) and 
enzymes addition. 
The tap water was not an effective inoculum as it has no additional nutrients or 
biomass to assist the degradation and then improve biologically the hydrolysis 
process. It will be easy and efficient economically to utilise digestate in full-scale 
plant for similar goals. 
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Amylases accelerated the hydrolysis of starch but had little effect on vegetable 
wastes. Therefore the benefits of enzyme addition will be influenced largely by 
waste characteristics. However commercial enzyme was too expensive, an 
adapted culture could be an alternative. 
Continuous mechanical mixing surprisingly did not improve hydrolysis rates for 
solids contents up to 13%TS. This was probably because the waste samples were 
homogenized and well mixed before the hydrolysis test. Apparently some degree 
of agitation for first stage digester contents is still likely to be required to mix the 
incoming feed in a continuous process although it may not be so crucial in batch 
hydrolysis. The results did show that mixing caused VOC losses and odour, so 
slow mixing may be preferred. 
A conclusion from the results reported in this chapter was that there are limitations 
to these simple batch tests because of scale up particularly when solids are 
involved. In order to reduce the number of small batch screening tests needed, a 
more complex experimental study was developed. This was the integrated/multiple 
factorial experiment on the hydrolysis process. Its results reported in chapter 4 
indicate that 25 statistical modelling could successfully be used to predict the 
optimal factors in the hydrolysis process from combining all the data. The statistical 
method could be used in anaerobic digestion research as screen tests to assess 
the most suitable factors and provide the important information for further lab-scale 
or pilot experiment. However, It could be recognised that the appropriate criterion 
("response") for assessing the "optimum factors" carefully is important to lead to 
good reproducibility. 
Although more research on this project to differentiate scale effects and batch and 
continuous reactors is needed, the results obtained confirm that the rate of 
hydrolysis is a function of temperature, inoculum, and type of particulate organic 
matter. The rate of reaction was first order. 
During experiments some questions were also encountered. Working with real 
material led to poor reproducibility, and also affected the interpretation of the 
results. It would be useful to standardize the materials possibly by international 
agreement, although this has yet to be agreed. 
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Another concern for error was in the estimation of TS, VS TOC and VFA 
concentrations of waste samples when the degree of hydrolysis was determined. 
Because the heterogeneous contents, floating or settling layers and lipids attached 
to the reactor wall or stirrer and losses of VOC all made representative sampling 
difficult. To overcome this pitfall, a system was suggested by Sander (2002) using 
several small reactors or flasks to represent the large reactor. At the start of tests, 
all flasks have the same content and it is assumed that the progress of the 
hydrolysis is similar in all flasks. Each time when sampling is needed, one whole 
flask is sacrificed and its content is analysed. This kind of "multiple flasks" 
procedure allows thorough homogenisation of the flask content before sampling, 
when batch tests are being conducted. 
Regardless of the type of system, pre-hydrolysis of high solid OFMSW will be 
critically important. Much research has been done but further research in this area 
is still needed to accelerate VFA production to make an easily assimilable carbon 
source and achieve greater efficiencies of biological degradation of OFMSW. In the 
next chapter, codigestion treatment with different types of organic wastes 
representing both easily and less easily biodegradable materials was investigated. 
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Combined Digestion of Industrial, 
Municipal Waste and Sewage Sludge - 
Results and Discussion 
Anaerobic treatment technologies were initially developed for the treatment of 
municipal wastewater principally to deodorize it. As the technology has developed 
it has been applied to industrial effluents, e. g. mainly food processing effluent or 
pulp/paper industries. This has included tankering of very strong industrial effluents 
directly to sewage sludge digesters by several water utilities. 
Coffee wastewater is one waste for which the Civil and Building Engineering 
Department at Loughborough University has research experience. The current 
research sponsor's area includes a major coffee factory discharging a maximum of 
500 m3 a day. For the aims of this project, coffee waste could provide an easily 
biodegradable soluble stream to boost hydrolytic activity as reported in chapter 4. 
Domestic refuse is another strong waste stream managed by the sponsor and other 
Utilities. Simulation trials were also attempted with standard materials from food 
catering wastes. Previous work has shown good digestion of this high solids waste. 
This could then be compared with the coffee processing waste and the MSW. The 
kitchen food wastes used here were collected from a large catering kitchen at 
Loughborough University. 
The recalcitrants portions of MSW are mainly derived from garden waste, such as 
lignin and part of hemicellulose and cellulose. Typically lignin was about 10-15%, 
cellulose 40-50% and hemicellulose 12% by dry weight in MSW (Wang et al., 
1994). Lignin has not been anaerobically digested primarily due to its complex 
structure and chemical composition (Peres et al., 1992). Similarly copolymers of 
lignin and hemicellulose are not bioavailable for anaerobic digestion (Wang et al., 
1994). Thus in this test commercial compost was chosen as a standard as it was 
assumed to be rich in lignin and poorly degradable. 
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The objective of this part of the study was to characterize the anaerobic 
biodegradability of various possible co-substrates with different solid contents and 
lignin in the codigestion environments. Data collected during the experiments are 
available on a CD submitted with this thesis. 
5.1 CODIGESTION OF COFFEE WASTE AND SEWAGE 
SLUDGE 
5.1.1 Start-Up Period 
To provide a constant source of micro-organisms, two 10 litre lab-digesters 
(described in section 3.2.1.1 and shown in figure 3.6) were used for these tests. 
One reactor as a control was fed only sewage sludges and another one as an 
experimental digester was fed the combinations of wastes. The digested sludge as 
seed and the feed sludge were obtained from Loughborough sewage treatment 
plant (Severn Trent Water Ltd). The feed sludge was stored in a cold room (around 
4°C) before being used. The active volume was 9 litre and the initial HRT was 15 
days. So during this start up period, 600 ml of sewage sludge were added into the 
each digester every day. 
Table 5.1 shows the parameters of sewage sludge from Loughborough STP. There 
were large variations in their solid content which was the normal practical situation. 
It was suggested from the previous experiments that this fluctuation from the 
sewage sludge would influence the overall average performance of experiments 
and their results. 
Table 5.1 The average characteristics of sewage sludge (25 samples) 
Parameters Range (Min. - Max. ) Mean STD 
TS (kg/m3) 33.7-81.4 50.88 ±11.33 
VS (kg/m3) 23.8-59.7 36.301 ±7.94 
Figure 5.1 shows the measurement of volatile solids (VS) in the feed and the 
effluents of the parallel run digesters A and B during the start-up period. The 
organic contents of the feeds show an inevitable fluctuation from 8.7 to 59.7 gIl. 
However the two digesters show the stable performances and a good 
reproducibility (±0.011) with each other. The average reduction range in volatile 
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solids was around 43% excluding the lowest VS concentration of 8.7 gA. It was 
better than or similar to some results in the literature of Purcell and Stentiford 
(2001), Barber (2005) and Schafer et al. (2003), but it was lower than the results in 
chapter 6 and some other references (Iranpour et al., 2002; Hatton and Ockleston, 
1997 and Schafer et al., 2003). The main reason was supposed to be that some 
feeds were too thin to provide sufficient substrates to overcome endogenous 
activity in the system. If data with loads less than 2 kgVS/m3/day (i. e. the 
anticipated long term average load (CIWEM, 1996)) are excluded then VS reduction 
would be more than 50%. 
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Figure 5.1 VS in influent and effluent of digesters during start-up period 
The specific gas yields (m3/kgVSdestmyOd) for the digesters A and B during start-up on 
sewage sludge are presented in figure 5.2. A good reproducibility between digester 
A and B can be seen from the plot. The average specific gas yield was around 1 
m3ftVSdestroyed which is similar to the published design guide of 0.8 - 1.1 
M3 /kgVSdestroyed (CIWEM, 1996). However it can be observed that some abnormal 
high SGYs (1.5 -2.7 m3ftVSdestroyed) were obtained due to the thin VS content in 
the feed lower than 25 k g/M3. Under these conditions VS removal was low and gas 
production was biased by stored volatile solids and autolysis of the biomass. it 
would be anticipated that these abnormally high gas yields would be eventually 
balanced by low gas yield during biomass regrowth. 
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Figure 5.2 Specific gas yields during treatment of sewage sludge 
The organic contents of the feeds sludge (see figure 5.1) were very variable. This 
was because of variability in works operation at the sewage treatment plant; mainly 
associated with sludge imports and rainfall. In practice, sewage sludge will show 
variations due to specific characteristics of the sewerage (type, material, length, 
maintenance, infiltration, use of pump station), as well as climate, topography and 
commercial/industrial contributions (Leit5o et al., 2006). The variations would have 
affected the analysis of the results without a control digester. Attempts to reduce 
variability was tried by pre settlement of sludge, but this was only partially 
successful. At most sewage works pre thickening is more consistent than at 
Wanlip and new thickeners were commissioned for Wanlip STW to overcome some 
of these problems during the research project. 
Total gas production throughout the tests was consequently very variable because 
of these sludges sampled on average once a week. Therefore the data presented 
has been standardized as specific gas yield (m3/kgVSdes1royed) because this should in 
theory be a constant and so reduce any variability. In practice, specific gas yields 
still show significant variability in sympathy with %VS removal because of variations 
in both the hydraulic retention time of the reactor (10-20 days) and the solids 
retention time (unknown). The data have not been adjusted to take this into 
account (see figures 5.1 and 5-2) because of the difficulty in estimating a realistic 
solids retention time. The retention time and retained solid substrate in the digester 
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mean that on occasion when the substrate sample was changed, high gas 
productions were measured which exceed the theoretical maximum. This would 
bias the daily average, but not the overall gas production over the full experimental 
period which was over 80 days (more than 5x HRT). Normally 3x HRT is needed 
for full acclimatization in wastewater treatment processes. 
A simple overall mass balance in this case was made for the reactor A as follow: 
Substrate in = Biogas yield + Residue mass 
1) The removal of volatile solid of the reactor based on measured VS data during 
this steady state period (60 days) using sewage sludge was as follows: 
ENS = VS, d x feed volume (L) - VSef x feed volume (L) 
where VS, f and VSeff are influent and effluent volatile solid concentrations (g/L); 
thus the total removal of volatile solid AVS = 360.94 (g) based on obtained VS data 
from this test. 
2) The sum of measured biogas volume was Vboges = 321.59 (L) corresponding to 
the measured VS data. 
3) The mass of the measured biogas was calculated as follows: 
According to stoichiometry, 1 mole CH4 is 16 g and 1 mole CH4 gas is 22.4 L at 
standard conditions (273K, 1 atm). Thus specific volume of CH4 gas at standard 
conditions is obtained by the molar volume divided by the mass of one mole of the 
CH4 gas: 
22.4 L mol-1/16 g mol-1 = 1.4 (Ug) 
Similarly, specific volume of CO2 gas at standard conditions is obtained by the 
molar volume divided by the mass of one mole of the CO2 gas: 
22.4 L mol-1/44 g mol-1 = 0.51 (Ug) 
In order to convert the specific volume of gas from standard condition (273K, 1 atm) 
to practical condition 35°C and 1 atm (i. e. 273+35K, 1 atm), Boyle's Law is used : 
(PiV1)1T1= (P2V2)1T2 
where P, V and T present the pressure, volume of a gas and the temperature. 
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When pressure is constant P, = P2 =1 atm, then 
V11 Ti 
= v2rr2 
The specific volume of gas at 35°C and 1 atm is then obtained and shown below: 
Gas specific volume of 1g gas at 35°C and 1 atm 
CH4 1.4 x (273+35)/273 =1.58 (Ug) 
CO2 0.51 x (273+35)/273 = 0.58 (Ug) 
It was assumed that biogas composition was 65% CH4 and 35% CO2 in this 
experiment, and the sum of measured biogas volume was 321.59 (L), thus the 
volume of CH4 and CO2, and mass of CH4 and CO2 in this biogas were calculated 
and are shown below: 
Volume of CH4 321.59 x 65% = 209.03 (L) 
Volume of CO2 321.59 x 35% =112.56 (L) 
Mass of CH4 209.03/1.58 = 132.30 (g) 
Mass of CO2 112.56/0.58 = 194.07 (g) 
Sum of carbon in the biogas 326.37 (g) 
Alternatively, a well reported practical estimation for mass balance suggests a 
specific gas Yield of 0.8 - 1.1 m3/kgVSdestroyed (CIWEM, 1996). This has recently 
been corroborated by a survey by Barber (2005) who found an average SGY of 0.8 
m3/kgvsdostroyedacross 20 digesters. Figures 5.1 and 5.2 show that measured 
specific gas Yields were variable and sometimes exceeded the theoretical volumes. 
It can be seen that the total removal of 360.94 g of volatile solid gave 326.37 g of 
carbon in the gas. The removal rate was about 90%. The main reason for the 
different amounts of carbon will be that VS overestimates the carbon content, but 
other reasons could be that 1) minor leaks happened on the reactor or the flow gas 
meter; 2) mixing on the reactor was not sufficient, and stratification occurred during 
digestion, so the mass of removal of volatile solids was overestimated; 3) CH4 gas 
has a low solubility at 350C and C02 could exist in solution depending on pH and 
alkalinity of liquid. 
Although the use of specific gas yield (SGY) as a performance indictor has been 
very common, its lag in response makes its interpretation slightly more complex. 
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Therefore more specific analysis may be needed in more precise shorter 
experiments. In these experiments however the overall average technique 
(CIWEM, 1996) worked well. 
The average specific gas yield in terms of the applied VS content of feed was used 
as well to compared with others' studies and it was 0.36 M3 /kgVS, ppli, d in this test. 
This is similar to the investigation reported by Barber (2005) and slightly higher than 
the results reported by Purcell and Stentiford (2001). It is also better than the 
results of sewage sludge digestion discussed in chapter 6. A qualitative relation 
between the VS removal and the specific gas yield in terms of the applied VS 
content of feed is shown in figure 5.3. The specific gas yield (m3/kgVSapp1ied) 
obtained from the digester A is in direct proportion to the volatile solids removal 
(VSR). The correlation coefficient (r) was 0.39 between their SGY and VSR in this 
case. The low coefficient was probably due to the fluctuation of feeding load. 
During the start-up period, the performances of two digesters were stable and 
reproducible, and similar to each other at 15 days HRT. There was no imbalance at 
these loading rates which were all less than 4 kgVS/m3/day, a critical point set out 
by Brown and Sale (2002). 
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Figure 5.3 A qualitative relation between the VS removal and specific gas yield 
(m'lkgVS,,,,,,, ) for the performance of digester A in this study 
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5.1.2 Codigestion of Coffee Waste and Sewage Sludge 
With the achievement of steady state after start-up, the co-digestion experiment 
was started. The digester A was the control with only sewage sludge fed and 
digester B was used as the experimental reactor with addition of the coffee waste 
into the sewage sludge. The coffee waste was collected from a nearby coffee 
factory in Burton on Trent. The samples were thus fresh. Its parameters are shown 
in table 5.2. It can be seen that the average organic content (VS/TS) in the coffee 
wastewater was 91 % which is higher than 71 % in the sewage sludge and the total 
solid contents of coffee wastewater was 6 times thinner than the sewage sludge 
shown in the table 5.1. 
Table 5.2 The characteristics of coffee wastewater from Nestle (3 samples) 
TS (kg/m3) VS (kg/m3) SS (kg/m3) COD (kg/m3) pH 
8.42 7.67 3.01 13.5 5.1 
The experiment with coffee waste additions was divided into three stages. In the 
first stage (1), the experimental digester B was fed by 120 ml coffee wastewater 
mixed with 600 ml sewage sludge per day and the mixed ratio was 1: 5. During the 
second stage (11), the experimental reactor B was fed by 240 ml coffee wastewater 
mixed with 600 ml sewage sludge per day and the mixed ratio was up to 2: 5. In the 
third stage (111), the volume of coffee wastes was increased up to 360 ml per day, 
and then the mixed ratio was 3: 5. Figure 5.4 shows that the organic loading rates 
(01-13s) of experimental digester B was higher than the control A which was fed 
sewage sludge only of 600 ml during the experiment. And the HRT for the co- 
digester B dropped consequently in the different stages as shown in table 5.3. The 
HRT for the control digester A was kept at 15 days. 
The loadings were variable but on an average 2 kgVS/m3/day for the control A 
which was typical for sewage sludge digester. The average loadings for co-digester 
B were 2.3 kgVS/m3/day with the additions of the coffee waste. 
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Figure 5.4 OLR of the control A and co-digester B for the experiment of coffee 
waste co-digestion 
Table 5.3 Comparison of the performance characteristic for the control A and the 
experimental digester 8 during the trial of coffee waste addition 
Test Control A Experimental B 
stage HRT Average OLR 
(days) (kg VS/m3/d) 
HRT Average OLR 
(days) (kg VS/m3/d) 
1 15 2.8 12.5 3.06 
11 15 1.68 10.7 1.98 
111 15 1.66 9.4 2.06 
The biogas production of two digesters is shown in figure 5.5. It can be seen that 
the biogas yields from the two digesters fluctuated with the variations in the 
characteristics of the sewage sludge. The biogas produced from the experimental 
B was always higher than from the control A. More biogas was produced from the 
experimental B as the amount of coffee waste increased, although the HRT was 
decreased from 12.5 to 9.4 days. It was supposed that when substrate 
concentration was increased in a biological system, the biological activity would 
increase until saturation. The higher strength feed in the digester B seemed to 
have no influence on the process stability, and the VS content in the effluent of both 
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digesters was relatively stable compared to the highly variable feeds of sewage 
sludge. 
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Figure 5.5 The biogas production of the control A and co-digester B during the 
experiment of codigestion of coffee wastes and sewage sludge 
Some quite thin sewage sludge feedings (VS range: 17-23 kg/M3) were 
encountered during the second and third stages of the experiment. So at that time 
it was found that the volatile solid concentration of the feeds were even lower than 
the concentration in the digestates due to the low solid concentration of the feeds. 
Figure 5.6 shows the specific gas yield of the two digesters during this coffee 
addition trial. It is seen that there were some abnormal high values shown in the 
second stages just due to the low solid concentrations of the feeds applied. The 
data shown in the figure 5.6 omits figures late in the third stage, because the solid 
concentration of both feedings was lower than the corresponding digestates. The 
average of specific gas yields for the control A and the experimental B were 0.75 
and 0.78 m3/kgVSdestroyed except for the abnormal high values. 
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Figure 5.6 Specific gas yield of the control A and co-digester B during the 
experiment of codigestion of coffee wastes and sewage sludge 
Figure 5.7 shows a relation between the biogas yield in terms of the applied VS of 
feed and OLR. The biogas production from co-digester B is higher than the control 
digester A in different stages. However with the increase in the OLRs up to 4 
kgVS/m3/d, both digesters show a deterioration in conversion to gas despite steady 
VS removal. Equivalent to the average biogas production 0.44 and 0.45 
m3/kgVSadded for the control A and the experimental co-digester B respectively were 
achieved. 
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Figure 5.7 Biogas yield versus OLR for the control A and experimental B for 
codigestion of coffee wastes and sewage sludge during three stages 
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In conclusion codigestion with easily biodegradable wastes produced more gas at a 
higher load without a deterioration in performance. Suggesting strong Industrial 
effluent could be added directly to the existing digester assuming the load was kept 
below 4 kg/m3/day. A possible reason for this enhanced performance would be the 
increasing activity of the biomass by co-metabolism increasing biogas yields 
relative to biomass growth. In addition, the coffee wastewater would also cause the 
dilution on the feedings and digestates, because the VS content of coffee 
wastewater was quite low with around 7.7 gA compared to an average 36.3 gA of 
sewage sludge. The effect on the performance of reducing the hydraulic retention 
time (HRT) from 15 days to 9.4 days for co-digester B also indicated that the coffee 
waste was co-digested with no ill effect within these limits. HIRT of 10 days is often 
reported as the minimum for sewage sludge digestion. Therefore the combined 
anaerobic digestion of sewage sludge and coffee wastewater was beneficial for 
enhancing the degradation efficiency of both substrates. However, a longer term 
experiment to investigate the stabilisation with the increased OILR and decreased 
HRT, such as the condition in the third stage, would be necessary. 
5.2 CODIGESTION OF OTHER WASTES AND SEWAGE 
SLUDGE 
In this part, the respective treatability of the compost as well as the fruit and 
vegetable waste with codigestion with sewage sludge were investigated. 
5.2.1 Codigestion of the Compost and Sewage Sludge 
The selected stabilized compost was assumed to represent the characteristic of the 
recalcitrant lignin. The SITA Organo compost was obtained from Loughborough 
waste recycle centre (www. sita. co. uk and Organo@sita. co. uk). It is a peat free 
organic compost produced from garden wastes in Leicestershire. Before feeding, it 
was screened using a sieve in 3 mm pore size to remove the larger wooden twigs 
and grit. The average total and volatile solids were 524 and 185 g/kg,, , t, d, l 
respectively for the SITA Organ compost used. Thus the organic proportion 
(VS/TS) in the compost was 35.3% compared to the sewage sludge 71 % and 
coffee waste 90%. 
It was confirmed from this analysis that the compost contained very less organic 
matter compared to the fruit and vegetable wastes, sewage sludge and MSW. it 
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has been reported that garden waste contains much lignocellulosic material which 
is not readily anaerobically degradable (Peres et al., 1992; Wang et al., 1994 and 
Tsao, 1984). 
The experimental digester B was fed a mixture of the sewage sludge and 55 g of 
sieved SITA Organo compost and the control digester A was fed the same volume 
of sewage sludge. Both digesters were fed daily and the hydraulic retention time 
was 15 days. Figure 5.8 shows the results of the VS removal for the two digesters. 
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FgUre 5.8 The comparison of VSR for both reactors in the experiment of combined 
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The average VSR was 46.5% for the control A and 39.7% for the experimental 
reactor B. It can be seen from figure 5.8 that the VSR of the control A was variable 
but in the range 40% and 53% variations in the sewage sludge was responsible for 
the fluctuations. The VSR of the experimental digester B decreased from the 
beginning 63% to the 31% with 78 days' running, although its HIRT was unchanged. 
Compared to the sewage sludge with the average 3.4% VS concentration, the SITA 
Organo compost had a solids concentration of 18.5% VS concentration. Thereby 
the experimental digester B with an average VS loading of 3.4 kg VS/m3/d showed 
the OLR increased by 50% when compared to the control A with the average VS 
loading of 2.27 kgVS/m3/d. Average volatile solid in the mixture feeds to the 
experimental digester 6 was 38% higher than the average volatile solid of the 
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sewage sludge fed to the control digester A. The volatile solid content in the 
digestate from experimental digester B increased gradually from 20 g/I up to 34 g/l 
although gas production and alkalinity were not impeded. This means the addition 
of SITA Organo compost was not digesting very well in the mixture with sewage 
sludge. The un-biodegradable cellulose and lignin were accumulating in the reactor 
B and this would eventually lead to mixing problems for the co-cligester B. Eventual 
further failure of the operation was predicted although the OLR was lower than the 
critical 4 kg/m3/day suggested by Brown and Sale (2002). 
Figure 5.9 shows the results of specific biogas yield based on the amount of volatile 
solids added (VSadded) for the control A and the experimental digester B. The 
average specific biogas yield was 0.44 m3/kgVSadded for the control A and 0.32 
m3/kgVSadded for the experimental reactor B. The specific biogas yield of the 
experimental reactor B was always lower than the control A during the experiment. 
Apparently the codigestion efficiency was lower than what was observed for the 
sole digestion of sewage sludge. This was probably due to poor clegradability of 
the lignocelluloses rather than overload. 
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Figure 5.9 The comparison of the biogas yields for both reactors in the experiment 
of combined the commercial compost and sewage sludge 
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5.2.2 Codigestion of Fruit and Vegetable Waste and Sewage 
Sludge 
Fruit and vegetable waste normally contains a very high proportion of organics 
(VS/TS) and a high moisture content. Table 5.4 gives an example of the solid 
contents from fruit and vegetable market (Pavan et al., 2000). 
Table 5.4 The parameters of the source sorted OFMSW from fruit and vegetable 
market (Pavan et aL, 2000) 
Average Range Max. Min. Std. deviation 
TS (glkg) 81.8 132.7 54.4 15.7 
VS/TS (%) 81.9 92.0 78.2 11.3 
In this test, the fruit and vegetable wastes were collected from the domestic kitchen. 
Table 5.5 shows the analytical results for some of the fruit and vegetable wastes 
used in this experiment. They were similar to the results obtained by the other 
investigators (Purcell and Stentiford, 2001 and Pavan et al., 2000). 
Tables 5.5 The parameters of the fruit and vegetable wastes used in this test 
Fruit and vegetable waste TS(g/kgr,, VS (91kgraw material) VSITS 
Marrow peel 61.2 53.2 86.9% 
Mixture of carrot, potato and 75 7 66.6 88.0% marrow peel . 
Mixture of orange, mango 156.5 150.6 96.2% 
and apple peel 
Cabbage 88.7 78.7 88.7% 
Average 95.5 87.3 91% 
Before feeding, the mixed fruit and vegetable wastes were chopped in the 
laboratory blender until the particle sizes were reduced to around 2 mm. Then 80 g 
of these pretreated fruit and vegetable wastes were mixed with 600 ml sewage 
sludge and added daily to the experimental digester B. Thus the average OLR of 
the experimental digester B was 44% higher than the control A by the addition of 
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the mixed fruit and vegetable waste to the co-cligester B and the average VS 
concentration in the co-mixture to the experimental digester B was 23% higher than 
the average VS concentration in the sewage sludge feed to the control A. 
Figure 5.10 shows the results of the VS removal for these two digesters during this 
experiment. The VSR of both reactors was variable, but the VSR of the 
experimental digester B was always 10% higher than the control A, although the 
OLR for the co-digester B was higher and the HRT was shorter than the control A. 
The average VSR was 38.6% and 49.5% for the control A and the experimental 
reactor B respectively. 
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Figure 5.10 The comparison of VSR for both reactors in the experiment of 
combined the fruit and vegetable waste and sewage sludge 
The average biogas yield was 0.31 m3/kgVSfed for the control A and 0.41 m3/kgVSfed 
for the experimental reactor B during this trial. Because of the variation in the 
composition of sewage sludge used, the average specific biogas yield 0.31 
m3/kgVSadded for control A in this trial was lower than the average SGY 0.44 
m3/kgVSadded for control A in the previous trial (codigestion of commercial compost 
with sewage sludge). Figure 5.11 shows the results of biogas yield rate for 
digesters A and B during this experiment. It is clear from figure 5.11 that the biogas 
production from the experimental reactor B was always higher than that from the 
control A which was the converse of the experiment with the addition of the SITA 
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Organo compost to sewage sludge (see figure 5.9). This means the addition of the 
fruit and vegetable waste improves the anaerobic digestibility of the co-digester B. 
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Figure 5.11 The comparison of biogas yields for both reactors in the experiment of 
combined fruit & vegetable waste and sewage sludge 
5.3 CHAPTER SUMMARY 
In order to facilitate evaluation and comparison of these three lab-scale trials, the 
characteristics of three types of wastes are summarised in the table 5.6. The SITA 
Organo compost was the highest solid waste (52% total solid) and contained the 
lowest organic content (VS/TS) of 35%, predominately lignin. The coffee 
wastewater and the fruit and vegetable waste have similar organic contents 
(VS/TS), but the coffee wastewater was representative of a low solids feed, i. e. 
0.84% compared to 9.55% for the fruit and vegetable waste. 
Table 5.6 The comparison of solid contents for the different wastes used in the test 
Substrate TS VS VSITS (%) 
Coffee wastewater 8.4 (kg/M3) 7.7 (kg/M3) 91.7 
SITA Organo compost 524 (g/kg) 185 (g/kg) 35.3 
Fruit and vegetable refuse 95.5 (g/kg) 87.3 (g/kg) 91.4 
Sewage sludge 50.9 (kg/M3) 36.3 (kg/M3) 71.3 
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Table 5.7 shows a comparison of the average performance parameters for these 
three co-digestion trials. It can be seen that the addition of SITA Organo compost 
impeded digestion which confirmed that the lignocellulose and fibre content is one 
of the most important influences on blogas generation as lignin is not easily 
digestible. It also supports the assumption that high solids feeds could also reduce 
mixing and so interfere with performance of anaerobic digestion (Veeken and 
Hamelers, 1999 in section 2.2.4.1; Owens and Chynoweth, 1993 in section 2.3.2.3; 
Cecchi et al., 1988 and Peres et al., 1992 in section 2.3.2.4). 
Table 5.7 The comparison of the performances of the three co-digestion trials 
OLR VSR Blogas Yield HRT 
Waste mixture 0 (kgVS/m3/d) (/0) (M3/k9VSedded) (days) 
Sewage sludge 
+coffee wastewater 2.3 52.5% 0.46 12.5,10.7,9.4 
(5: 1 - 3: 1)* 
Sewage sludge 
+SITA Organo 3.4 39.7% 0.32 13.8 
compost (10: 1)* 
Sewage sludge 
+f ruit&vegetable 2.81 49.5% 0.41 13.2 
waste (7.5: 1)* 
The ratio in volume between the sewage sludge and wastes added 
By the same theory combining the industrial coffee wastewater with the sewage 
sludge shows an improvement in carbon conversion and gas production. Coffee 
wastes caused no treatability problems up to 37.5% of volume feed per day when 
the HRT was 9 days. The performance results support the view that dilute 
biodegradable streams such as coffee waste may improve digestion by better 
mixing, i. e. by diluting solids, reducing viscosity, avoiding stratification and providing 
nutrients. However the maximum loading rate could be relatively modest for coffee 
because there may be some inhibitory compounds in the waste, for example, 
caramels, alkaloids and phenolic compounds (Kostenberg and Marchaim, 1993). 
Figure 5.7 (section 5.1.2) actually shows that the blogas yield rate decreases 
gradually with the increases of the OLR. 
The addition of the fruit and vegetable wastes to co-digest with the sewage sludge 
also causes no difficulties in achieving steady operation and conversion to gas. 
The results indicate that there was an improved gas yield since the highly 
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biodegradable fraction in food wastes degrades quickly and speeds up overall gas 
production. These results confirm previous work (Pavan et al., 2000 and Mtz. - 
Viturtia et al., 1995), but also introduce the idea that mixing and nature of particle 
size e. g. fibre compared to amorphous solids affect performance. 
In general therefore the results have shown that the rate and extent of biowaste 
digestion strongly depends on the composition and fluidity of the biowaste. 
Therefore the nature of the substrate and particle size waste characterization 
should be considered as important as the other operation parameters for anaerobic 
digestion because the gas generation rates depends on the solubility and 
biodegradability of the waste. Besides the results also showed that these slowly 
digestible ligno-cellulosic materials can accumulate reducing mixing and leading to 
instability of reactor performance. Whereas the food and vegetable and food 
processing waste are suitable co-substrates for co-digestion with sewage sludge 
and can increase the biogas yield of all process. 
The literature has indicated that biowaste collected indoors will be degraded faster 
and to a higher extent than biowaste collected outdoors (garden wastes), because 
indoor organic wastes are largely comprised of non-lignocellulosic food remainders, 
while outdoor-collected organic waste is mainly composed of less easily-degradable 
lignocellulosic plant material. 
For the experimental design of this study, especially for the investigation of different 
types of biowaste, the BMP assay could be a choice for rapid screening of 
hydrolysis for substances that have not been tested very much previously. The 
BMP assay was developed to determine the ultimate CH4 yield of organic 
substrates and for monitoring anaerobic toxicity. The ultimate CH4yield of a variety 
of biomass was determined using a modified method of Owen et al. (1993). The 
BMP is a valuable and inexpensive method for determination of the potential extent 
and rate of conversion of biomass and wastes to CH4. Batch and continuous flow 
reactor experiments will however generate different types of results as has been 
demonstrated in this chapter of the thesis. Microbial cultures in batch experiments 
need a period of time to adapt to the new conditions, i. e. being transferred from 
either a continuous reactor or from storage into a small flask. This generates a lag 
period for adaptation before stable gas Yield is produced. The lag is much more 
pronounced and longer than that shown when changing the substrate in continuous 
culture. 
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The data presented in this chapter from the continuous trials has shown that the 
time taken to observe any change following the addition of a new substrate is 
around one hydraulic retention time (see figure 5.5, for example). 
In conclusion it has been shown that fluctuations in waste composition or content 
could have negative effects on the performance of AD, as the balance of different 
metabolic groups of microorganisms depends upon the composition and 
biodegradability of the waste. Lignin has been shown to be about 10-15%of MSW 
and complex celluloses up to 25% of MSW. Thus in the next two chapters the 
results of the research in chapter 5 on mixing and lignin content were applied to 
trials on the digestion of MSW. 
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Chapter 6 
Combined Digestion of Pretreated 
Refuse and Sewage Sludge - Results 
and Discussion 
Previous chapters have demonstrated the feasibility of the anaerobic digestion for 
treating municipal solid waste (MSW) in Europe although are few numbers of full 
scale demonstration AD plants at present. The UK still lacks significant experience 
in this field. There are plants in Europe (principally in Germany) which use the high 
dilution elutriation process which will be introduced briefly in section 6.2.1. This 
chapter describes and reports on experiments in which prehydrolysed MSW 
obtained from Herten, Germany was used as a co-substrate for co-treatment with 
sewage sludge. The aim of this chapter is to demonstrate the effectiveness of 
hydraulic flushing as a technique for hydrolysis to allow subsequent comparison (in 
chapter 7) With direct high solids hydrolysis as a pretreatment for AD of MSW. This 
was to assist with the de sign of the UK's first commercial full-scale AD plant for 
MSW. 
6.1 EXPERIMENTAL PROGRAMME 
As noted in the literature review (sections 2.2. and 2.3) and previous chapters, the 
hydrolysis of organic particulate solids wastes in MSW is the rate limiting step for 
digestion. Thus two-phase digestion with separated hydrolysis and 
methanogenesis treatment would be advantageous for particulates in MSW 
digestion. Chapter 5 has established the potential benefits from codigestion to 
improve the biodegradability of difficult mixtures of waste. Thus the initial 
experimental design was a pre-hydrolysed treatment for refuse which could then be 
codigested with sewages sludge by using existing reactors in the sewage treatment 
plant. Municipal sewage sludge and prehydrolysed MSW are anaerobically 
digestible, therefore combining them for improving their mixing, biogas production 
and utilising the existing facilities in the sewage treatment plant (STP) are attractive 
and promising. Many of the European utilities have both wastewater and solids 
waste treatment operations. The type of reactors, the experimental conditions and 
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designs and the parameters monitored were described in section 3.2. Running a 
control reactor (only sludge fed) and an experimental reactor (codigestion) allowed 
comparison of the results to take into account the effect of the MSW on the reactor 
performance. Data collected during the experiments are available on a CD 
submitted with this thesis. 
6.2 CHARACTERISATION OF FEED WASTE 
Sponsor Severn Trent Water planned to set up a centralised anaerobic digestion 
(CAD) plant in Wanlip STP, Leicester, to co-treat MSW with sewage sludge at that 
time. Therefore in this trial, the sewage sludge was collected from Wanlip STP as 
one of the feed wastes. The initial requirement was for a hydrolysed waste with a 
solids content similar to sewage sludge. There was no precedent in the UK for this 
type of CAD plant and Severn Trent Water planned to purchase pretreatment 
facilities for MSW treatment from an European company. Therefore in these 
experiments, pretreated MSW samples as co-substrates were provided by a full- 
scale demonstration AD plant in Herten, Germany. Herten AD plant has similar 
experience with pretreatment facilities. The pretreatment procedure was introduced 
by senior process engineer Paul Griffin of Severn Trent Water, the coordinator of 
this project at follow section 6.2.1. 
6.2.1 Characteristics of Hydrolysate 
The nature of feedstock is very important and strongly related to the efficiency of 
treatment. Usually, the composition of municipal solid waste is affected by factors, 
including season, cultural practices, regional differences, collection frequency as 
well as the collection and processing systems used (see literature review of section 
2.1.1). The pretreatment to produce hydrolysates in this trial was a combination of 
mechanical and thermal pretreatment process. The MSW first undergoes a 
magnetic separation and coarse screening, in which much of the non- 
biodegradable material such as glass, metals, plastics, paper and cardboard would 
be removed. Of these removed materials, the ferrous and non-ferrous metals 
extracted would be sorted into heavy and light fractions: the heavy material, such 
as stones, will be landfilled, while the light material- plastics, paper and cardboard 
would become a floc which would be used as refuse derived fuel (RDF). The next 
stage is that after this coarse screening the screened material is macerated in a 
drum ball mill to less than 5 mm which is then sieved. This below 5 mm material is 
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then slurried with effluent or recycled liquor to provide a dilute feedstock. This 
diluted mixture is then aerated maintaining micro aerobic conditions for 24 hours to 
accelerate hydrolysis and pasteurise the feedstock. The aeration and fermentation 
raises the temperature auto-thermally to 50-600C for pasteurisation to meet the 
Animal By-products directive. This hydrolysis and elutriation pretreated process is 
conducted in that full scale plant at Herten of Germany. 
The hydrolysates used in this trial were produced through the pretreated process 
described above. During the experiment period, there were four samples to be 
provided in time sequence of Dec., Mar., Jul., and Oct. respectively. They were 
analysed in the batches to represent the different seasons. Table 6.1 shows the 
results of biochemical analysis of samples. 
The samples were dark brown liquid slurries and the particle sizes of most solid 
parts in the samples were less than 2 mm judged by eye. Variations in the analysis 
were obvious and likely due to some factors mentioned before or also the 
reproducibility of the pre-treatment or processing hydrolysis. 
Table 6.1 Mean characteristics of Herten hydrolysate samples used in experiment 
Sample 1 Sample 2 Sample 3 Sample 4 Mean STV 
Date arrived December March July October 
COD (g OA) 83.46 101.91 58.21 130.11 93.67 --30.72 
BOD (g 0211) 32.95 33.47 21.31 23.56 2Z82 ±6.29 
TOC (pprn) 14346 13806 14000 12055 13552 tlO23 
86.01(l) -0-13.360 TS (gA) 90.37 238.98 71.01 96.64 124.25 -t77.26 
VS (gA) 58.5 79.05 40.19 55.32 51.34(l) t9.78(l) 
58.27 -t 15.99 
SS (gA) 57.33 202.47 46.24 85.85 63.14(l) -t2O. 4Jl) 9Z97 -t7l. 64 
vss (g/1) 41.03 56.07 26.77 42.65 36.82(l) ±8.74(l) 41-63 tl 1.98 
TKN (mg N/1) 1742.8 2409.7 2547.1 1580.4 2070 : t479.5 
Ammonia (mg wo 325.0 250.8 681.9 303.7 390.4 t 196.9 
pH 5.0 4.7 5.7 5.3 5.2 ±0.4 
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(1) in table 6.1: Ignores sample 2 with very high solids contents. 
The changes are not uniform. The total and volatile solids of sample 2 collected in 
March, contained nearly three times more than the average of the remaining three 
samples. The organic contents of TS for these four samples were 64.7%, 33.1%, 
56.6% and 57.2% respectively. Thus the March sample 2 has a low organic solid 
concentration which means as a consequence that it contained a lot of inorganic 
material. The soluble TOG of the samples has better reproducibility. The organic 
contents of the samples based on BOD value were much more reproducible as well. 
This can be justified by the high and variable inorganic content which could have 
interfered with the COD test (APHA Standard Methods, 1995). 
The range of total nitrogen content of samples was between 1.7 and 2.5 g NA after 
slurring and hydrolysis, therefore they were lower than the nitrogen levels in the 
high solid feed of OFMSW reported from other researches (see table 6.2). 
Table 6.2 Nitrogen found in different types of OFMSW 
Substrate N (g-NA) Reference 
Mechanically sorted OFMSW 3.75 Cecchl et al. (1991) 
Kitchen biowaste 3.5 Vermeulen et al. (1993) 
Kitchen biowaste + paper (15%) 1.7 Vermeulen et al. (1993) 
Simulated OFMSW: mixture of Kayhanian and 
newsprint, mixed office paper, 3.0-3.7 Tchobanoglous (1993) 
garden waste and food waste 
However in terms of total nitrogen expressed in % TS, the average total nitrogen 
content here was 2% of TS which was a little bit higher than total nitrogen 1.23% of 
TS in the OFMSW from the Kayhanian and Tchobanoglous (1993) but lower than 
total nitrogen 4.4% of DS in the primary sludge from Purcell and Stentiford (2001). 
In general, food and garden wastes have high nitrogen contents, whereas the 
mixed paper samples have low nitrogen contents. Therefore the addition of paper 
in a dry anaerobic digestion process of blowaste can be used to reduce potentially 
toxic ammonia concentrations. For example, Vermeulen et al. (1993) added paper 
to the digestion of MSW and the ammonia concentrations dropped from 3.5 to 1.7 
g-NA. On the other hand, when using processed MSW with a high content of paper, 
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wood and cardboard, the addition of nutrients from digested sewage sludge can be 
beneficial for the digestion of OFMSW (Rivard et al., 1990). The total nitrogen 
content in these samples (table 6.1) was about 10% of the BOD. Total nitrogen 
could be an accurate reflection of low protein content in these hydrolysate samples. 
The pH is acidic as would be anticipated from the production of volatile acids but 
the high ammonia and inorganic content should provide alkalinity in the digestion 
process. 
The OFIVISW is rather a heterogeneous substrate and the biogas production from 
AD of OFIVISW is dependent not only on the process configuration but also the 
waste characteristics. For example, nutrient deficiency, ammonia inhibition, particle 
size and characteristics will influence the degradation rate of the waste. The 
treatability of the high solids hydrolysate average higher than 8%DS was therefore 
investigated in these experiments. 
6.2.2 Characteristics of Sewage Sludge 
Table 6.3 shows a comparison of characteristics for the feed sludges from Wanlip 
and Loughborough sewage works. When the raw samples from the sewage works 
were too thin, an additional precipitation for the sludge was carried out. The 
averages of VS (% of solid input) in the feed samples from Wanlip and the 
thickened sludge samples (table 6.3) are 77.7% and 76.9% which is as expected, 
because 75% is indicated as a typical average in the ClWEM handbook (1996). 
The average of feed sludge volatile solids (VS/TS) from Loughborough is 71.2%, 
which is little lower than the reported national average 75% but still within the wider 
range of 70 - 80% reported in some literature (Purcell and Stentiford, 2001). The 
thickening process at Loughborough is different to Wanlip and the data was 
presented for comparison. The feed sludge concentration expressed by % TS is 
variable from max. 8.4% TS to min. 2.8% TS for Wanlip and from max. 8.1 % TS to 
min. 3.8% TS for Loughborough sludge samples respectively, which is in the typical 
range of 3% - 8% DS indicated as typical in the UK (CIWEM handbook, 1996). 
During the experiments with hydrolysate, the Wanlip sewage sludge was used 
exclusively as feed sludge, since this was to be the location of the plant. 
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Table 6.3 Characteristics of the feed sludges 
Total Solids (kg/M3) Volatile Solids (kg/m3) 
Mean ±STD Max. Min. Mean ±STD Max. Min. 
Wanlip STP 
53.18±12.93 83-95 27.97 41.31±10.0 66.1 20.57 
(32 samples) 
Wanlip STP 
(4 samples, 35.95±2.88 40.16 33.78 27.63: t2.69 31.61 26.59 
after thickening, ) 
Loughborough STP 
50.68±10.38 81.44 33.67 36.07±7.46 59.65 23.76 
(20 samples) 
Attention is drawn to the variability in parameters of total solids and volatile solids 
shown in table 6.3, since this would be a potential cause for consequent variations 
in specific performance measures shown as biogas yields and volatile solids 
destruction. 
6.3 DIGESTER PERFORMANCE 
The type of reactors, the experimental conditions and designs and the parameters 
monitored were described in detail in section 3.2. There were two digesters with 9- 
litre active volume used in this experiment, one for a control to be fed only sewage 
sludges and another as an experimental co-digestion digester to be fed the 
combinations of hydrolysate and sludge. The inoculum used was the anaerobic 
digested sludge coming from Wanlip digesters. The sludge and hydrolysate 
collected were stored in a cold room (5±10C) at the lab before using them. The 
experiment was run with the same volume sludge fed to both digesters to quantify 
the difference. There was possible slight difference between the control and 
experimental reactor in running periods, but it could be neglected. 
6.3.1 Organic Loading Rate 
Organic loading rate (OLR) is one of the most important parameters in digester 
operation (CIWEM, 1996) and can be controlled to influence the performance. 
Volatile solids more closely represent the biodegradable fraction of sludges or 
wastes. The loading rate depends on both the solids content of waste and their 
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hydraulic retention time (HIRT). In this experiment, the volatile content of both the 
feed streams for the control and mixed experimental digesters were determined 
during the different runs. Retention time within the reactor was set as 15 days 
initially according to the HRT of Wanlip STP, then HRT was reduced to 12 days and 
10 days to investigate the effects of HRT on the performance of digesters. The 
OLR applied for both digesters in this study is depicted in figure 6.1. 
The feed to the control reactor A was maintained 100% sewage sludge for all runs. 
However, the VS concentration varied during the experiment by as much as 10g/l 
(table 6.3). This is partly due to operational practice and thickening at the 
wastewater treatment works. The fluctuations of VS concentrations in the feed for 
the mixed experimental reactor B paralleled the fluctuations in the sewage sludge 
or the control reactor A, again illustrating the variability of sewage sludge. 
Therefore the variations in OLR for both reactors between the runs were expected 
for each different HIRT period and not necessarily directly proportional to HIRT 
(figure 6.1). 
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Figure 6.1 The organic loading rates for the control digester A and experimental 
digester B during the experiments 
The co-digestion reactor B was fed at OLR ranging from 2.76 - 6.06 kg VS/M3 /d, 
which was similar to the loading rate ranging from 3-6.1 kgVS/m3/d in the tests 
operated by Purcell and Stentiford (2001), KObler et al. (2000) and Wang and 
Banks (2000), but higher than the range of 1-3.8 kgVS/m3/d for MSW digestion 
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conducted by Peres et al. (1992) and normal recommended loads for sludge 
treatment (CIWEM, 1996). The control digester's OLR ranging from 1.6 - 5.5 
kgVS/m3/d in this test was higher than the value of 1-3.8 kgVS/m3/d in Purcell and 
Stentiford's tests (2001), Hatton and Ockleston (1997) and the reference value of 
0.8 - 1.6 kgVS/m3/d for mesophilic digestion in CIWEM (1996). A recent paper by 
Brown and Sale (2002) investigated higher loads and achieved OLR up to 4 
kgVSlm3/d after which problems occurred in standard full-scale anaerobic digesters 
under mesophilic condition. 
It can be seen that the experimental digester B mostly ran at higher organic loading 
rates (OLR) than that in the control digester A, which resulted from the addition of 
higher volatile solids concentrations in the hydrolysate. The lower values for the 
experimental digester B compared with digester A at 10 days HRT for two weeks 
were due to the changed mixing proportions between pretreated refuse and sewage 
sludge from 30: 70 to 50: 50 by volume, Le. the proportion of prehydrolysed refuse 
increased with the feeding volume remaining constant. 
6.3.2 Solids Destruction and the Effect of HRT 
The fraction of volatile solids destroyed by anaerobic digestion, 1 e. volatile solids 
reduction (VSR), is used as one common performance parameter in evaluating the 
anaerobic digestion process and a general indicator of the stability of the treated 
sludge. 
The effect of hydrolysate addition on solid destruction efficiency in this study is 
shown in figures 6.2 - 6.4 with HRTs; of 15,12 and 10 days respectively. 
Figure 6.2 shows that the process volatile solid reduction remained more or less 
stable at the average value of 57% for the control digester A and 60% for the 
experimental digester B when HRT was 15 days. At the beginning of the 20 days, 
the OLR were around 2.2 kgVS/m3ld for the control digester A and around 2.8 
kgVS/m3/d for experimental digester B. Both VS destructions were stable at 
average of 54.3% for digester A and 58.7% for digester B respectively. The OLR of 
the sewage sludge with a change in feed increased up to 2.8-3.4 kgVS/m3/d for the 
control A and up to 3.2-4.1 kgVS/m3/d for co-digester B. Both VS destructions 
increased subsequently at the average of 61.6% for the control A and 62.6% for co- 
digester B. The micro-organisms in the control reactor may have responded better 
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to the OLR increase of the sewage sludge, the reasons are uncertain. With the 
establishment of steady state, the HIRT of digesters was reduced to 12 days and 
the results of VSR for both digesters were shown in the figure 6.3. 
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Figure 6.2 VS reductions of the control and experimental digesters at HRT of 15 
days 
With the reduced HIRT of 12 days, and the increased and strong fluctuation in 
loading rates, the process VSRs were then reduced to between 40% and 60% and 
showed subsequently the variation. The average value of 49.7% for the control 
digester A and 50.9% for the experimental digester B showed no significant 
difference between them, although the OLR applied to the co-cligestion reactor B 
was average of 23% higher than that to the control reactor A. With a stable OLR of 
around 2.2 kgVS/m3/d applied to the control digester A from day 77 to day 125, the 
VS destruction was quite stable at about 48.1%. During the same period, a 35% 
higher OLR of around 3.4 kgVS/m3/d was applied to experimental digester B. The 
VS destruction was at 58% initially but decreased gradually. However the average 
of 52.4% was still higher than the control reactor. After that, the OLR gradually 
increased as a result of the variability of the sewage sludge. Subsequently, the 
VSR for both reactors showed more fluctuation from day 125 to day 250. However 
it can be observed that there was a higher VSR value around 52% initially every 
new or fresh feed, and then the VSR decreased gradually as the feed aged. This 
gave a cyclical pattern to the VSR. The change and level of the VSR for both 
digesters were close to each other. The co-digestion reactor B consistently had a 
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better treatability with the addition of the refuse hydrolysate than the control A with 
only sewage sludge. The OLR applied to digester 6 was 18% higher than that to 
the control reactor A. 
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Figure 6.3 Volatile solid reductions of the control and experimental digesters at the 
HRT of 12 days 
Generally, the average VSR was lowered by 7.9% for the control digester A and 
9.5% for the experimental digester B when the HIRT was reduced to 12 days 
compared to the 15 days HIRT With the long and steady running, the HIRT was 
further reduced to 10 days thought to be below normal operating bands to see any 
change of the digesters' performance. Figure 6.4 gives the results during this 10 
days HRT experiment. 
It can be seen that the VSR for both reactors dropped down a further 10% to 
around 40%. The OLR applied in this stage had actually decreased as a result of a 
weather of the sewage sludge and the hydrolysate waste. After a long term running, 
both the VSRs gradually tended to stabilize and the VSR returned to around 55% 
for the control A sewage sludge digestion and 50% for the experimental reactor B. 
Thus for this experiment, the performance average VSR of the two digesters was 
reversed at the shortest HIRT and the value was 49.5% for the control digester A 
and 45.6% for the experimental digester B which was 3.9% lower than the control 
digester A. 
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Figure 6.4 Volatile solid reductions of the control and experimental digesters at the 
HRT of 10 days 
A summary of the range of OLR and average of the VSR at different experimental 
HIRT from 15,12 to 10 days in this study is shown in table 6.4. The average of 
VS% removal is 57.6%, 49.7% and 49.5% for the control digester A treating only 
sewage sludge at HIRT of 15,12 and 10 days respectively. These values are 
higher than the VS destruction rates of 36.9% for the control reactors reported by 
Purcell and Stentiford (2001) but comparable with the VS destruction in the 
research by Hatton and Ockleston (1997), Iranpour et al. (2002) and Schafer et al. 
(2003). 
Table 6.4 The range of OLR and VS reduction for control A and experimental B 
at different HRT of 15,12 and 10 days during experiment 
Digester A- Control Digester B- Experimental 
HRT 
(days) OLR VSR* Std. OLR VSR: t Std. 
(kgVS/m3/d) N (kgVSlm3/d) M) 
15 2.2-3.4 57.6 ± 4.4 2.8-4.1 60.4 ± 2.8 
12 1.6-5.5 49.7 ± 5.1 3.1-6.1 50.9 ± 4.0 
10 1 2.6-4.5 49.5 ± 7.8 1 3.2-5.5 45.6 ± 5.6 
m0* ** 
to 
$ 
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Figure 6.5 and table 6.5 compared the VSR in this study and some previous 
literature for different sewage sludge digestion under mesophilic condition in 
different HIRT 
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Figure 6.5 The change of VS removal (9, o') against different HRT for the different 
sludge digestion in this study and in the references 
Table 6.5 Comparison of VSR (, Yo) for different sludge digestion at different HRT 
Type of solids VSR (%) HRT (days) References 
Sewage sludge 35-64 14-70 Barber (2005) 
Waste activated sludge 40 23 Schafer et al. (2003) 
Primary solid + Waste 62 >20 Schafer et al. (2003) 
activated sludge (at much longer SRT) 
Primary sludge 36 9 20 
Purcell & Stentiford 
. (2001) 
Primary solid + Waste 50/58 16/15 Schafer et al. (2003) activated sludge 
Primary solid + Waste 48 7 Schafer et al. (2003) 
activated sludge 
Wastewater sludge 49 ±9 - Iranpour et al. (2002) 
Sewage sludge 48-54 - 
Hatton & Ockleston 
(1997) 
Sewage sludge 57.6 ± 4.4 15 This study 
Sewage sludge 49.7 ± 5.6 12 This study 
Sewage sludge 49.5 ± 7.8 10 This_study 
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Schafer et al. (2003) has published wide ranging data on VSR (%) at pilot-scale and 
full-scale sewage digestion from both the USA and Europe. Data from Schafer et 
al. (2003) falls in the range from 40% to 60% within the HIRT from 7 to 23 days. In 
USA digestion must be evaluated to confirm the adequacy of their digestion 
processes and VSR must be at least 38%. CIWEM (1996) notes an average of 
45% of VS removal as a typical reference value for the full-scale sewage digesters 
within the HRT between 15 and 18 days. Therefore it can be seen that the 
performance of the control digester in this study was stable at HIRT between 15 and 
10 days. It is the general lab scale experience at Loughborough that 55-60% 
removal of VS is achieved and this is better than that from full scale plant because 
of the better mixing. 
Figure 6.6 and table 6.6 show the different VSR in this study and some previous 
researches for the different co-digestion treatment under mesophilic condition at 
different HRT. There is a trend of a reduction in VS removal as HPIT is decreased 
(figure 6.6). 
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Figure 6.6 The change of VS removal (, Yo) versus the different HRT for the 
codigestion and sole digestion of MSW in this study and the literature 
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Table 6.6 Comparison of VSR (01o) for the codigestion and sole digestion of MSW 
at different HRT in the literature and the present study 
Type of Waste VSR (%) HRT (d) Reactor References 
Sludge + Supermarket 62.9 ± 12 20 Digester Purcell & Stentiford 
waste* (2001) 
Sludge + OFMSW** 54-60 - Full scale Hafton & Ockleston 
(1997) 
Garden waste*** 50 - Digester Owens&Chynoweth 
(1993) 
OFIVISW 56-58 20 CSTR Peres et al. (1992) 
OFIVISW 37-27 8-6 CSTR Cecchi et al. (1992) 
OFIVISW 55-43 14-8 Full scale K(ibler et al. (2000) 
OFIVISW 49.0 ± 11.2 10 CSTR Wang & Banks (2000) 
OFIVISW 43.9-44.7 15 CSTR Mace et al. (2003) 
OFIVISW 43.0 12 CSTR Mace et al. (2003) 
Sewage sludge 
Hydrolysed OFIVISW 60.4 ± 2.8 15 CSTR This study 
Sewage sludge + 50.9 ± 4.0 12 CSTR This study 
Hydrolysed OFIVISW 
Sewage sludge + 45.6 ± 5.6 10 CSTR This study 
Hydrolysed OFIVISW 
Supermarket waste: fruit, vegetables and bakery waste; 
Simulated MSW mixture including: kitchen waste, paper and green waste; 
Garden waste comprising grass, leaves and branches. 
The average of VS removal for co-cligestion in this experiment is 60.4% at 15 days 
HRT. This is similar to the 55% VSR at the HRT of 14 days for the full-scale 
treatment of OFMSW alone reported by KUbler et al. (2000). It was slightly better 
than the rates of 56-58% with aH RT of 20 days reported by Peres et al. (1992), 
and much better than the average VSR of 50% for garden waste treatment 
researched by Owens and Chynoweth (1993) and the 43.9-44.7% VSR also for 
OFMSW treatment on its own investigated by Mace et al. (2003). However this 
value is lower than average VSR of 62.9% for supermarket waste co-treatment 
operated by Purcell and Stentiford (2001). One reason probably is the high HIRT 
applied in their tests which has been established as an important process 
parameter, another reason is from the type and characteristics of waste. Section 
2.3.2 has analysed the compositions and characteristics of MSW and their 
biodegradability. It is known that much of the organic matter in garden waste used 
in Owens and Chynoweth (1993) is presented in the form of a ligno-cellulose 
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complex which can be resistant to degradation under anaerobic digestion and may 
hinder degradation of other components. Conversely supermarket waste 
composed of fruit, vegetables and bakery waste used in the Purcell and Stentiford 
(2001) was more biodegradable than hydrolysate composed of organic fraction of 
MSW. This is also in line with previous work on the same experimental digesters 
working on synthetic MSW- 
With HIRT being reduced to 12 and 10 days in this experiment, the average VS 
removal of co-digester declined to 50.9% and 45.6% respectively, which were 
similar to or a little better than other investigations on OFMSW alone (Kobler et al., 
2000; Wang & Banks, 2000 and Mace et al., 2003). This steady digestion process 
implied that the good treatability of the hydrolysate of the refuse enabled the 
increases in load and the reduction in HIRT to less than normal without destabilising 
the digester. It is a little surprising that KObler et al. (2000) in particular achieved 
such good treatment for the OFMSW without any form of pre-hydrolysis or increase 
in solubility. Wang & Banks (2000) for example used a separate process to 
accelerate hydrolysis. 
The experimental co-cligester B in this study shows a better biodegradability than 
the control A by comparing their VS removal at HIRT of 15 and 12 days (see figure 
6.7), as the experimental digester was fed more biodegradable and more soluble 
hydrolysate. Attempts were made to differentiate between biodegradability by 
viscosity measurements in later experiments. 
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Figure 6.7 The change of average VS removal (Iyo) against different HRT(days) for 
both digesters in this study 
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However the average of VS removal (%) for both digesters decreases when HIRT is 
reduced from 15 to 10 days. Apparently a long HIRT increases the potential for 
solubilisation and generally allows better conversion of the OFMSW to biogas. 
This trend of changes between HRT and VSR (%) can be observed in the figures 
6.5 - 6.6 and tables 6.5 - 6.6, when changes in OLR and temperature are 
accounted for. When OLR was low, the HRT could be reduced to a short time less 
than 10 days without instability observed; whereas, if the OLR was increased over 6 
kg VS/m3/d and HRT was shortened to less than 10 days, the beginnings of the 
process failure perhaps was not unexpected, because the volatile fatty acids (VFAs) 
would be accumulated as a result of loss of methanogenic activity, Le. washing out 
and insufficient activity in sympathy with lowering of the pH. 
Cecchi et al. (1988) suggested based on their survey on the use of AD for the 
disposal of MSW in Europe that if the volatile solid loading rate was less than 5 kg 
MOM then optimisation of the process could be obtained and VSR would be 60% 
or more. Further increase in the loading rate was found to cause process instability 
which could lead to the failure of the system. Also Hartmann and Ahring (2005) 
suggested that the low-solids (wet system) processes were better at OLR lower 
than 6 kgVS/m3/d. The data on the influence of loads and HRT are summarised in 
figure 2.26 and table 2.23 of chapter 2. This experiment also confirmed that a good 
treatability could be achieved if the loading rate was around 4kgVS/m3/d even at the 
reduced retention time of 10 days. 
6.3.3 Specific Performance Parameters 
There are two sensitive indicators of digester performance were analysed here, i. e., 
specific performance rate (SPR) and specific gas yield (SGY). 
Specific performance rate (SPR) expressed by VS destroyed in per cubic metre of 
active volume of per day is an important factor for costs and is linked to treatability 
during overall degradation process. Figure 6.8 shows the specific performance 
rates of the control digester A and experimental digester B during this experiment. 
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FgUre 6.8 Specific performance rates (SPR) of the control digester A and 
experimental digester B 
It can be seen that co-digester B shows the highest SPR at the highest OLR and is 
generally better than the control digester A through all HRT of 15,12 and 10 days, 
although co-digester B always had the higher applied OLR than the control 
digester A did. This means that co-digester B can digest more biodegradable 
wastes and has a quicker treatability than the control digester A because of the 
easily degradable fraction of VS from the refuse hydrolysate in the feed mixture. 
The variability in both performance rates was attributed to the fluctuation of organic 
fraction contents (VS/TS) in the sewage sludge since the data from both digesters 
follow the same pattern. 
Specific gas yield (SGY) is another most common parameter for monitoring 
anaerobic digestion process. However some researchers, for example, 
Switzenbaum et al. (1990) and Ahring and Angeliclaki (1997) suggested that this 
indicator was not sensitive enough to detect the early stages of process imbalance 
because of the latest gas production in the retained solids. 
Figure 6.9 shows specific gas yield (SGY) for the control digester A and codigestion 
digester B during the experiment. Tables 6.7 and 6.8 compare the performances of 
digesters in this study and the literature respectively. The average gas production 
from the control reactor A only fed sewage sludge is 0.6 m3/kgVSdestroyed, or 0.3 
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m3/kgVSadded or 0.9 m3/m3/d (except for the aberration which was removed from the 
data shown). This average value is less than expected which is 1 M3 NgVSdestroyed 
from the CIWEM (1996) manual and 0.63 - 1.32 m3/kgVSdestroyed in the investigation 
of Barber (2005), or the gas production of 1m3/m3/d reported by Hatton and 
Ockleston (1997) and 0.32 m3/kgVSadded in the research of Purcell and Stentiford 
(2001). 
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RgUre 6.9 Specific gas yield (SG Y) of control A and co-digester B in this test 
The low gas yields recorded might be due to scale effects or gas monitoring 
defects, but most likely is the feed source variability and recalcitrant fibre. There 
was more variability in the sewage sludge than expected. Generally the quality of 
primary sludge was more difficult to control than secondary sludge. Observations 
made during the four years of the research were that wet weather, and batch 
discharges from small companies directly into the primary sludge and variable 
proportions between primary and secondary sludge were partly responsible for the 
variability of sewage sludge. There were also significant changes due to the 
thickening process. Thus with the variable sources of feeding sludges, its solids 
content and biodegradable fractions, the performance of the reactors was 
subsequently variable and probably never reach a steady state due to the dynamics 
in the digester's biomass and in the concentration of metabolites. The organisms of 
digesters and their slow growth rate mean they would have to be acclimatised 
gradually for the change of load, especially an increased load. For example, 3X 
HIRT is often quoted as needed for full acclimatisation. Apparently these 
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fluctuations of feed were not beneficial to the performance of digesters and likely 
had a greater impact on the gas production than the two types of feed. A synthetic 
feed was considered but found not suitable for the test as there are no agreed 
standard recipes for synthetic sludge. 
A good reproducibility between digester A and B can be seen from the plot. The 
average specific gas yield was around 1 m3/kgVSdestroyed which is similar to the 
design guide of 1.0 m3/kgVSdestroyed (CIWEM 1996). However it was observed that 
some abnormal high SGYs (1.5 -2.7 m3/kgVSdestroyed) were obtained when the thin 
VS content in the feed was lower than 25 kg/M3. Excluding these high SGY values, 
the average specific gas yield was around 0.85 m3/kgVSdestroyed. 
Table 6.7 Comparison of performance of control A in this study and the literature 
Type of 
waste 
Reactor OLR 
(kg/m3/d) 
HRT 
(days) 
Biogas yield 
(m3/kgVSadded) 
VSR (%) Reference 
Sewage 
sludge 
CSTR 1.6-5.5 15,12,10 0,41 -0.25 57.6-49.5 This study 
Sewage 
sludge 
Full- 
l 
0.53-2.66 14-70 0.55-0.22 64-35 Barber (2005) 
sca e 
Primary Purcell and 
sludge 
CSTR 1 -3.8 20 0.32 36.9 Stentiford (2001) 
Sewage Hafton and 
sludge 
Digester 1.6 - 1.0 
(m3/ m3/d) 48-54 Ockleston (1997) 
Table 6.8 Comparison of performance of the codigestion digester B in this study 
and the literature 
Type of Waste OLR HRT SGY VSR Reference 
(kg VS/mI/d) (days) (M3/kgVSaddad) N 
Sludge + 2.8-6.1 15,12,1 0.45-0.34 60.4-45.6 This study 
Hydrolysate of FMSW 0 
Sludge + 3-6 20 0.54 62.9 ± 12 Purcell and 
Supermarket waste* Stentiford (2001) 
Sludge + OFMSW** 3.4 2.5 (m3/ m3/d) 54-60 Hafton and 
Ockleston (1997) 
OFMSW 1-3.8 20 0.34-0.37,56-58 Peres, et al. 
0.34-1.41 (m3/ m3/d) (1992) 
MS-OFMSW*** 7.5 15 0.20 23 Bolzonella, et al. 
(2003) 
* fruit, vegetables and bakery 
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** kitchen waste, green waste and paper 
*** mechanically selected OFMSW; 
The average gas production from the codigestion reactor B fed with mixture is 0.8 
M3 /WSdestroyedo or 0.4 m3/kgVSadded or 1.5 m3/m3/d. The average value 
(m3/kgVSadded) is less than the gas production of 0.54 m3/kgVSadded from the trial of 
codigestion of sludge and supermarket wastes done by Purcell and Stentiford 
(2001) and specific gas rate of 2.5 m3/m3/d for the codigestion of sludges with 
kitchen and paper waste reported by Hatton and Ockleston (1997), but higher than 
the sole treated of OFIVISW investigated by Peres et al. (1992) and Bolzonella et al. 
(2003). It has been discussed that generally food wastes composed of fruit, 
vegetables and bakery starches or the kitchen green waste and even office paper 
were more biodegradable than the organic fraction of IVISW (in section 6.3.2 and in 
section 2.3.2). 
The specific gas yield of co-digester B was also variable as noted and makes 
precise comparison Wth previous work more difficult. The OFMSW may have been 
more heterogeneous than previous work, for example, the batch samples used in 
the case of Purcell and Stentiford (2001). In this experiment, the properties of the 
second refuse hydrolysate sample was quite different from the other 3 samples 
(see table 6.1). 
Figure 6.10 shows the dependency of specific gas yields per unit VS added on the 
HRT. It can be seen that the gas Yields from both the co-digester B and the control 
A were affected slightly by the changes in HRT from 15 to 12 days but there was an 
effect with the reduction of HRT from 15 to 10 days. 
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Figure6.10 The dependency of the average biogas yields on different HRTin this 
experiment 
When HRT was reduced to 10 days, the organic loading rate should increase with 
the reduction in retention time. In fact it decreased, because this coincided 
unfortunately with a more dilute sludge (figure 6.1). This may confuse the data. 
The average biogas yields (m3/kgVSadded) for both reactors decreased a little bit 
further, although the OLR decreased with a dilute sludge feed. The performance of 
the digesters over that period may be affected by previous long running with higher 
OLR and the HRT of 12 days. Further work with a longer operating period at HRT 
of 10 days would be necessary to confirm that 10 days HRT is insufficient. 
Figure 6.11 shows the relationship between the OLR and specific biogas yield in 
this experiment. With the increased OLR, the biogas yields (in terms of 
m3/kgVSadded) of each reactor had a decreasing trend, although the compositions of 
each feed could not be kept consistently. It was observed however that the 
average biogas yields from the co-digestion reactor B were higher than the control 
reactor A due to the mixing with a readily biodegradable hydrolysate of refuse to the 
test digester B. 
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Figure 6.11 Relationship between organic loading rate and specific biogas yield 
The VS reduction should be proportional to the biogas yield (in terms of 
m3/kgVSadded)9 if the composition of the waste in terms of carbohydrates, proteins, 
fat, cellulose and lignin is the same for the different OLR (Hartmann and Ahring, 
2005). In this experiment, there was a link between the VS reduction and the 
biogas yield (m3/kg VSaddod) for both reactors (figures 6.7 and 6.10), however the 
inevitable variations of the feed sources affected the consistency of the results and 
performance of digesters. 
Specific gas yield is one of the methods for comparing the performance of reactors. 
It was seen that the average values of specific gas yield for the co-digester 6 were 
always higher than the control A irrespective of HIRT or increase of OLR (figures 
6.9,6.10 and 6.11), i. e. co-digester B performed better than the control A. There 
may be some mutual promotions in the mixture of the hydrolysate and sewage 
sludge, because the hydrolysates have much more readily biodegradable fractions 
and the sewage sludge may help to improve the nutrient balance enhancing 
microbial growth. Thus there were beneficial effects from the addition of refuse 
hydrolysate which improved the performance and stability of the anaerobic 
digestion of sewage sludge. 
It also can be observed that the gas productions from both digesters A and B were 
lower than expected when HIRT was 10 days. Most likely this result indicates that 
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the digesters were overloaded, performance become worse but the digesters were 
still stable at this stage. In this study, generally the load applied was higher and 
hydraulic retention time was shorter compared with other Investigations noted in 
tables 6.7 and 6.8. With longer term running and gradually increased 01-13, the 
shortened HRT (10 days) and frequent fluctuations in feed, the performance was 
expected to become gradually worse. However it may be expected that the degree 
of degradation would become stable if OLR was kept constantly at 4 kgVS/m3/d at 
the HRT of 10 days. The degree of degradation is linked to the mixing and 
biodegradation as well as overall organic load. 
6.3.4 pH and Alkalinity 
The imbalance between the growth rates of acidogens and methanogens means 
that shock loads or overloads result in a surplus of unmetabolised carboxylic or 
volatile fatty acids (VFA). In this research this balance was routinely monitored by 
changes in pH and alkalinity as Ripley's ratio (volatile acid to alkalinity, which was 
described in section 3.4.2.1). 
pH influences the activity of microorganisms which are active with certain, usually 
narrow pH ranges of 6.0 to 8.3. Therefore pH plays a major part in anaerobic 
biodegradation. Most methanogens have a pH optimum between 7 and 8 while the 
acid forming bacteria do have a lower optimum (4.5 - 5.5). If the pH of the waste to 
be tested is outside the optimal range, and if enough buffer capacity is not present, 
the anaerobic digestion will be inhibited. This will lead to underestimation of the 
methane potential. Figure 6.12 shows the pH values measured for the control A 
and experimental co-digester B. The averages of pH values measured for the 
control digester A and experimental co-digester B were 7.44±0.12 and 7.55±0.11 
respectively. In general, changes of the pH were small and the pH of both reactors 
was around neutral which meant that the digesters had the high buffering capacity 
and an effective environment for methanogenic activity. It was also suggested by 
these pH values that both digesters were generally stable during digestion process. 
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Figure 6.12 pH value of the control digester A and experimental digester B 
measured during experiment 
The average Ripley's Ratios for the control digester A and experimental co-digester 
B were 0.67 and 0.39 respectively in this study. The data obtained from this 
experiment is shown in figure 6.13. 
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Figure 6.13 Ripley's Ratio of the control digester A and experimental digester B 
during HRT of 12 and 10 days 
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Most of the data are from the 12 day HRT but the indicators are alkalinity increases 
at the higher load due to the greater activity. The acid to alkali ratio is lower or 
better in the reactor B, codigestion of hydrolysate and sludge, than in the control 
digester A. In fact on average there is half as much acid in the experimental 
digester B compared to the control digester A. This is in line with the other data 
showing better performance from the experimental digester with the more 
biodegradable and soluble hydrolysate. It is assumed the hydrolysing process 
generates volatile acids and this is supported by the acid pH of the refuse 
hydrolysate samples (table 6.1). This should therefore lead to a good quality 
blogas but also that the carbon dioxide was available to generate sufficient 
bicarbonate alkalinity to neutralise these extra acids. 
In terms of Ripley's Ratio, the low average value of 0.39 suggested that the 
experimental reactor B was more stable and that co-digestion (or this mixed ratio) 
possibly had the beneficial effect of enhancing VFAs removal during the co- 
digestion period. At the points of the experiment when the higher OLR was applied, 
the control digester A performed poorly. Ripley's Ratio increased confirming that 
inhibition of the micro-organisms would be occurring. 
Callaghan et al. (2002) reported the results of VFA-to-alkalinity ratio (VFA/alkalinity) 
from their bench-scale digester studies of the codigestion of fruit and vegetable 
waste and chicken manure with cattle manure. Increasing the fruit and vegetable 
waste load (i. e. by wet weightO/o) caused higher methane yields, and VFA/alkalinity 
increased to the range of 0.4 to 0.8 without causing instability. The VFA-to- 
alkalinity ratio was below 0.36 in the investigation of the codigestion of poultry 
waste and thickened waste activated sludge with fruit and vegetable waste and 
cattle manure in bench-scale digesters conducted by Misi and Forster (2002). The 
Ripley's Ratios were reported less than 0.3 for a digester treating poultry manure in 
the research of Ripley et al. (1986) and around 0.5 for anaerobic filters treating a 
yeast extract containing wastewater (Shaw, 1997). 
In comparison with these literature's data (Callaghan et al., 2002; Mis! and Forster, 
2002; Ripley et al., 1986 and Shaw, 1997), the Ripley's Ratio of the effluents from 
the digesters were able to demonstrate that the performances of reactors A and B 
were stable in this study. 
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6.3.5 Ammonia Content 
Nitrogen is more toxic as ammonia phase and inhibits digestion at AD. Inhibition of 
anaerobic digestion by ammonia is a common problem particularly with agricultural 
waste, but it is also a problem with landfills where organic nitrogen is reduced to 
ammonia by the anaerobic conditions. The hydrolysate of refuse contains both 
organic nitrogen and free ammonium which are shown in table 6.1 and table 6.9. 
Table 6.9 Ammonia concentrations in the four Herten hydrolySate samples 
Hydrolysate sample 1 325.0 mg NA 
Hydrolysate sample 2 250.8 mg NA 
Hydrolysate sample 3 681.9 mg NA 
Hydrolysate sample 4 303.7 mg NA 
The free ammonia (NH3) is seen as the real inhibitor rather than the ammonium-ion 
(NH4+). This implies that the pH and temperature exert a strong influence on 
toxicity by affecting the equilibrium between NH3 and NH4+- WPCF (1987) 
suggested that ammonia nitrogen levels between 50 - 200 mg/l were beneficial for 
the anaerobic sludge process (see table 6.10). Increased ammonium 
concentrations had an inhibitory effect and caused the failure of the 
methanogenesis. Typically anaerobic sludge digesters operate at about 1000 mg- 
NA which if the pH is neutral, Le. the ammonia is ionised to cause no problems. For 
the unacclimatised populations the threshold level of ammonium toxicity was in the 
range of 1700 -1800 mgA, with a strong inhibition by ammonium-nitrogen levels 
between 1500 and 3000 mg/l and a complete cessation of methanogenesis at 
concentrations above 3000 mg/l. 
Table 6.10 Effect of ammonia nitrogen on anaerobic sludge digestion (WPCF 1987) 
NH4*(mg-NA) Effect 
50-200 beneficial 
200-1000 no adverse effects 
1500-3000 inhibitory at pH over 7.4 -7.6 
Above 3000 toxic 
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Few studies reported the nitrogen content from the effluent during the anaerobic 
digestion of solid wastes. The performance results obtained from Kabler et al. 
(2000) for treating OFMSW with a BTA technology showed that the organic nitrogen 
TKN was 58 mg-NA and total N (inorganic) was 108 mg-NA. Peres, et al. (1992) 
reported a similar range of ammonia content measured in the effluent of OFMSW 
digestion which was 80-150 mg NH3-NA. Kayhanian and Tchobanoglous (1993) 
conducted a high-solids OFMSW digestion experiment under thermophilic condition 
of 50-60'C. The reactor TS concentration was 20-32% and solid retention time was 
20,30 and 40 days respectively. The ammonia nitrogen from the effluent was 100- 
1100 mg-NA (average 600 mg-NA) and TKN nitrogen was 2000 - 3900 mg-NA 
(average 3500 mg-NA). 
The average ammonia concentrations were 894 mg-NA in digestate A from the 
control A and 669 mg-NA in digestate B from experimental B at HRT of 12 days in 
this study. The data were lower than 1000 mg-NA of the level of adverse effects 
(table 6.10). And they were also within the similar ranges reported by Kayhanian 
and Tchobanoglous, (1993). The co-digester B had lower ammonia concentrations 
than the control A fed sewage sludge. Not all the available organic nitrogen in the 
hydrolysate sample is reduced to ammonia, this is surprising since its 
biodegradability is assumed to be greater than sewage sludge. Thus the overall 
effect of the additions of the hydrolysate is to dilute and so reduce the potential of 
problems from ammonia toxicity. 
6.3.6 Total Organic Carbon 
The dissolved and colloidal organic carbon in the supernatant of centrifuged 
digested sludge was monitored. The average TOC data obtained during HRT of 12 
days for the control digester A and experimental co-digester B were 798 and 660 
mg/l respectively. The test co-digester supernatant is 17% lower than the control 
effluent supernatant. This is as expected and can be attributed to the better 
biodegradability of the hydrolysate diluting the sludge in the co-digester B. 
6.4 SLUDGE RESIDUES 
6.4.1 Metals 
Recycling to agricultural land is an important sustainable outlet for the UK sludge. It 
must however be controlled and standards updated in line with researches so as to 
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maintain agricultural benefit from the sludge and protect human and animal health 
and the environment at large. In 1986 the Council of the European Communities 
(CEC) produced Directive 86/278/EEC which was to regulate the use of sewage 
sludge in agriculture in such a way as to prevent harmful effects on soil, vegetation, 
animals and man, whilst encouraging its sustainable and correct use. The directive 
was implemented in the UK by the Sludge (Use in Agriculture) Regulations SI 1263 
(1989) which is statutory. Carrington, et al. (1998) reported on Code of Practice for 
Agricultural Use of Sewage Sludge ('the Code') produced from the Department of 
the Environment (DoE). Table 6.11 shows the current limit concentration of metals 
in sludges in the EC Directive 86/278/EEC and the UK's Code. 
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The Code includes statutory requirements of the Sludge Regulations taken from 
Directive 86/278/EEC (1986) for potentially toxic elements (PTEs) of chromium, 
selenium and molybdenum, and also specifies soil limits for copper, nickel and zinc 
according to soil pH value which are not covered in the statutory Regulations. 
Attention has been given to the potential health hazards and a deterioration in some 
ecosystems caused by heavy metals in the environment, as a result of 
accumulation in the soils, sediments and biomass. Many European countries have 
had higher standards for PTEs, so the agricultural reuse of sludge is prevented by 
the perceived risk from hazardous metals. 
In 2000 a redraft document of the EEC Directive reducing the maximum permissible 
levels of a range of potential toxic elements (PTEs) was published. It covered 
PTEs in (a) sewage sludge applied agricultural land, and (b) the receiving soils after 
sludge application. Table 6.11 also shows these proposed limit values for heavy 
metals in sludge of EEC Directive (Towers et al., 2002). The changes in the most 
toxic metals, e. g. lead and cadmium, are significant reductions. 
Few recent studies reported the heavy metals concentration in the feeds of the 
anaerobic digestion. In this research, typical heavy metal elements were measured 
by using ICP method. The principle of ICP was described in section 3.4.1.2. The 
PTE contents in four refuse hydrolysate samples are shown in table B-1 of 
Appendix B. Table 6.12 compared the average heavy metal contents in the feeds 
reported by Purcell and Stentiford (2001) and in the refuse hydrolysate and sewage 
sludge of this experiment. 
Table 6.12 The comparison of heavy metal contents in the feeds from the work of 
Purcell and Stentiford (2001) and this experiment 
PTE 
(mg/kg DS) 
Primary 
sludge 
Co-digestion 
feed sludge* 
Sewage sludge 
(This study) 
Hydrolysate 
(This study) 
Cadmium 
_ 
1.0 
. 
1.0 1.7 0.55 
Chromium 160 60 250 17.5 
Copper 250 80 378 19-95 
Lead 230 70 98 23.4 
Zinc 1100 440 1515 177.6 
Iron - - 22x 100 
6.3 x1 L-P 
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*: Primary sludge + Supermarket waste (fruit, vegetables and bakery) 
It can be seen that the heavy metal contents in both sludge feeds (this study and 
Purcell and Stentiford's work) were in similar range except for the lead 
concentration in this experiment which was a little lower than in the Purcell and 
Stentiford (2001). In the experiment of Purcell and Stentiford (2001), the heavy 
metals concentration of the mixture fed for the codigestion reactor were 60 - 70% 
lower than the PTE concentration of primary sludge fed for the control reactor 
except for Cadmium, which meant that the supermarket waste contained a low PTE 
contents and therefore diluted the PTE concentration of sludge after codigestion. 
In this experiment, the average concentration of heavy metals in the refuse 
hydrolysate were similarly an average 80% lower than the PTE contents in Wanlip 
sewage sludge, i. e. the mean metal contents in hydrolysate were much lower than 
the background mean metal contents in sewage sludge and the foreseen permitted 
concentrations in sludge. The data also show the heavy metals in Wanlip feed 
sludge to be less than the UK national average in the digested sludge (table 6.13, 
Towers et al., 2002 and Marmo, 2001) and below what will be required in 2025 
(table 6.11) except for Zinc. Based on the assumption that all the metals will be 
retained by the digested sludge because of their low solubility (worst case but 
hydrolysate acidic), then the metal contents of hydrolysate in the digester will have 
a negligible effect on the total residual metals on the dry-solids basis or a fairly 
diluting influence. Therefore the treated residual from experimental co-digester B 
would be expected to show a lower concentration or no any significant differences 
in heavy metals compared to the control digester A. 
In generally the importance of a safe residual sludge suitable for recirculation to 
agricultural land has become a task just as important as producing the maximum 
yield of blogas from a given type of waste. 
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6.4.2 Dewatering Characteristics 
The dewatering characteristics of the digested sludge were measured by capillary 
suction time (CST). Most of the data were from the 12 day HRT and shown in 
figure 6.14. The dewatering of the experimental unit is better than the control 
digester fed sewage sludge on its own. With the OLR rate increased to 4 
kgVS/M3/d in the HIRT of 12 days, the CST values for both reactors were at steady 
state within the normal standard deviation. When the OLR was increased to 5 
kgVS/m'/d, the CST measured for both digesters got worse. The deterioration in 
the control sludge was worse than the mixture of hydrolysate and sludge at this 
higher load. 
The average CST values obtained during HIRT of 12 days for the control digester A 
and experimental co-digester B were 641.5 and 414.9 seconds respectively. The 
dewaterability of the digestate from co-digester was improved, which would enable 
both increased dry solids and reduced conditioning chemical consumption to be 
achieved. The trials which Hatton and Ockleston (1997) reported in a full scale 
demonstration project had a similar improved dewaterability which they presumed 
to be due to the increased fibre content. In this case the CST reduction for 
digestate B was likely to be due to better reduction of solubles and colloidal COD by 
the increased activity and dilution. 
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Figure 6.14 Dewaterability of digested sludge for the control and experimental 
digesters during HRT reduced to 12 days and 10 days 
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6.4.3 Odour Potential 
Subjective assessments of the odour of the treated sludges indicated no differences 
between the hydrolysate addition to test co-digester B and the control digester A. 
The raw Wanlip sludge has a more objectionable smell than the Herten hydrolysate 
of refuse. 
It is likely therefore that this residual digestate is refractory material such as lignin 
and not likely to cause problems but this needs further analysis. Lignin analysis is 
complex and time consuming, so alternatives are needed. 
6.4.4 Foaming 
There has been no foaming in either the control or experimental digester. There 
recent work in the laboratory has created foaming in the digester but only at loads 
consistently greater than 4 kgVS/m3/d. This is accordance with the results 
published by Brown and Sale (2000) who encountered foaming during sludge 
digestion process at about this load too. In these experiments, loads greater than 4 
kgVS/m3/d were only briefly encountered with the hydrolysate addition the 
experimental digester B (figure 6.1). 
aFoaming" still is an unsolved digester operational problem in the anaerobic 
digestion of sludge or waste and can cause severe operational problems and 
equipment damage. It is stabillsed by surface-active substances (surfactants) and 
is a three-phase colloidal system consisting of gas bubbles, liquid and solid 
particles. The causes of foaming are not fully understood but a number of 
suggestions have been put forward including: the presence of filamentous bacteria 
from surplus activated sludge (SAS) and excess SAS in feed; presence of fats, oils 
and grease; inadequate, excessive or fine-bubble gas mixing systems; or a sudden 
change in environmental conditions occurs, e. g. digester solids shock, inconsistent 
or overloading conditions; digestion temperature fluctuations; and digester 
instability. Destroying the surface scum helped to avoid the increases in 
submerged gas pressure. Brown and Sale (2000) found that slow commissioning 
and the avoidance of unconfined gas mixing were helpful. 
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6.5 CHAPTER SUMMARY 
A data summary of the experiments on the combined digestion of OFMSW and 
sewage sludge was presented in the table 6.14. 
Table 6.14 Comparison of average values of indicators for control A and 
experiment B in this experiment 
Indicators Control Experimental Difference between 
digester A digester B A and B (%) 
OLR (kgVS/m/d) 1.6-5.5 2.8-6.1 
VSR (0/6) 49.5-57.6 45.6-60.4 
SPG (M 3 /kgVSad&d) 0.25-0.41 0.34-0.45 
Ripley's Ratio 0.63 0.39 37.6 
CST (seconds) 659 423 35.8 
Ammonia (mg N A) 894 669 25.2 
TOC (mg/1) 799 660 17.4 
The reduction in ammonia of 25% and improved dewaterability in experimental 
digester B compared to the control A may improve sludge handling by reducing 
odour of the residual sludge and recycle load on the sewage works. There were 
also some indications that the potentially hazard elements were also reduced by 
codigestion (table 6.12). The performance of the codigestion process was in 
general improved by adding prehydrolysed OFMSW to sewage sludge. 
Hydrolysed MSW cause no treatability problems up to 70% of volume feed mixture. 
There was a better gas production rate from codigestion compared to sole digestion 
of sewage sludge. Operational problems, such as clogging, deposits, and poor 
dewaterability were not encountered. The steady digestion process implied that the 
OFMSW hydrolysate was easily tractable and enabled the increases in loads and 
the reductions in retention time from 15, then 12 to 10 days compared to the 
standard digesters. However, as with the previous data it was the characteristics of 
the feed sludge which exerted the strongest influence on the performance of 
digesters. 
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Overall, the performance of experimental digester B outperformed the control 
sewage sludges digester A in every respect. It is rather probable that by the 
addition of fresh wastes including readily biodegradable soluble substrates, from 
the hydrolysate mixed with the excess of nutrients, the sludge had undergone a 
better degradation than without additional wastes. This confirms the previous 
experiments described in chapter 5 which also showed beneficial effects from the 
addition of readily biodegradable soluble wastes. Codigestion may be less 
expensive than having two separate solutions and a joint digestion may even result 
in a higher gas yield as compared to the separate digestions. 
The advantage of using codigestion over sole digestion was demonstrated by the 
parallel experiments. However some cautions are still required as the results 
available still need confirmation through further longer experimentation because 
there is limited experience in the UK for the codigestion. It is a reasonable 
conclusion that the existing processes of anaerobic digestion for sewage sludge 
could be used to co-treat hydrolysed OFIVISW. 
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Chapter 7 
OF 
* 
MSW Digestion - Results and 
Discussion 
It was reported in chapter 6 that codigestion with combined prehydrolysed refuse 
with sewages sludge by using existing reactors in the sewage treatment plant 
worked well. Subsequent interpretation of the UWs sludge to land guidelines 
however indicated that disposal of the combined digestate could be at risk. Public 
perception and political reaction to any potential infection source or toxic material 
remaining in the final digestate could damage other areas of the sponsors business. 
Thus chapter 7 investigates separate digestion of MSW in a purpose built plant, to 
compare with the codigestion experiments in chapter 6. 
7.1 OBJECTIVE AND METHODS 
Previous commercial work and the literature indicated that high solid feeds could be 
used. A feed of 13% feed solids at 18 days HRT had been suggested by the full 
scale contractor. Thus the experiments in chapter 7 investigated feeding solids 
concentrations above those to a sewage sludge digester, Le. >6% after a separate 
high solids pre-hydrolyser. 
The experiments were designed with running three identical laboratory-scale 
models of the plant. Digester 1 as the control was used to assess the performance 
of higher OLR up to maximum loading. The feed for digester 1 was obtained from 
Wanlip AD plant without undergoing hydrolysis step. Digester 2 was used to 
analyse the potential benefit of the hydrolysate on anaerobic performance. The 
feed was collected after hydrolysis at Wanlip. Digester 3 was used to evaluate the 
eff ect of enzyme additions on rate of biodegradability. The review of some 
researches (section 2.3.1.3) and data from chapter 4 indicated that enzymes can 
accelerate the hydrolysis rate. The data and results of the performances in this 
chapter were then compared with the previous codigestion and hydrolysis. The 
reactors, the experimental conditions and designs and the parameters monitored 
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were as previously, and as described in section 3.3. Data collected during the 
experiments are available on a CD submitted with this thesis. 
7.2 CHARACTERISTICS OF WASTE 
The bagged wastes from the city were first pre-treated at pretreated recycling 
centre with a ball mill. There was then further separation for metals, plastics and 
grit. Then the mixed organic particles less than 8 mm were sent to Biffa Wanlip AD 
Plant for anaerobic treatment. Section 2.1.5.2 gave a detailed illustration for 
different treatment processes in Wanlip AD plant. 
The following schematic flowchart illustrates the anaerobic digestion process and 
gives the sampling points for measuring solid contents of different points in the 
process to monitor and control the performance of all AD process. The results are 
presented in table 7.2. 
<8 mrn - 50% dry solids 
from Bursom Ball Mill 
700 tonnestweek 
Sa rn, pIe 
point Mixing 
Final effluent from sewage 
works or recycled liquors 
Sample 
Hydrolysers 
450 mIx 2 
57'C 5hrs 
(6%ds) 
Air 
9-13%ds 
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separator) Sa, TIPle 
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was e Water elutriation 
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Figure 71 Schematic flowchart of waste treatment at Biffa Wanlip AD plant, 
Leicester 
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7.2.1 Composition Distribution after Pretreatment 
The duplicate investigation for the compositions of various fractions in pretreated 
wastes from the recycling centre was carried out as following. 
The sample was taken randomly from the <8 mm size wastes collected from Biffa. 
After being weighed, it was visually separated out into different categories, i. e. 
putrescible, paper, plastic, glass, textile, wood, inert or others. Then the various 
components were weighed again. Plate 7.1 shows two samples after the 
separation. It can be seen the putrescible component was the majority in these 
less than 8 mm size wastes, however the different categories were highly variable. 
It was very difficult to get a representative sample due to the complexity of 
components of the wastes but also the waste varied from sample to sample. 
putrescible plastic 
I 
A'Pe- 
114w, 10for. 1m . 
putrescible 
glass paper 
Ail 
textile plastic others wood 
Plate7.1 Two Bifta waste samples to be separated indifferent categories 
The average components from the 8 days' waste samples were showed in figure 
7.2. In the figure, "other' was the inerts such as grit and sand and small garden 
woods; "paper' was the pieces of paper larger than 3 mm. 
The 5 to less than 5 mm putrescible fraction in the mixed solid wastes after these 
mechanical separations was about 76% by weight. It included the various paper 
materials and food wastes. This is higher than the typical data of raw paper (34%) 
plus putrescible (23%) fractions in the original mixed municipal wastes reported by 
Hatton and Ockleston (1997) in figure 2.1 of section 2.1.1. Therefore the ball mill 
pretreatment and separation processes can markedly reduce the non 
biodegradable fractions. 
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Fabric 0.98% F Plastic 2.65% 
Paper 4.91% Glass 8.76% 
Metal 0.81% 
Other 6.08% 
Figure 7.2 An average classification of waste after ball mill treatment and 
separation at pretreated recycling centre 
Glass and inorganic aggregates e. g. pieces of stone and grit were the predominant 
impurities by weight, followed by the plastic in this case. Therefore the cyclone 
processes used at the AD plant did assist in removing these remaining inerts. 
Demirekler and Anderson, (1998) presented a similar composition of MSW obtained 
from Cunninghame DANO Pulverisation plant as the feedstock for a pilot scale 
anaerobic digester operated in their research. The particle size was less than 10 
mm and composition was showed in table 7.1. 
Table 7.1 Composition of OFMSW obtained from Cunninghame DANO plant at 
Irvine, in Ayrshire, Scotland (Demirekler and Anderson, 1998) 
Component Fraction (%) 
Paper 
Glass 
Putrescibles 86 
Others 2 
7.2.2 Solid Waste Contents in Different Treatment Process 
The standard characteristics of waste from different points of the waste stream in 
Biff a AD plant were monitored. The sample collecting points and desirable dry solid 
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contents at the different stages are shown in the figure 7.1. The sample results are 
shown in the table 7.2. 
The volatile solid proportion was around 50-600/oTS for the waste from the 
pretreated recycling plant. But after further separation with cyclone, the organic 
fraction (VS) was raised to above 70'YoTS which was close to the organic proportion 
of dry weight in sewage sludge. A similar performance to a sewage sludge digester 
might be anticipated if good mixing can be achieved. 
Table Z2 The characteristics of wastes from different sampling points (5 samples 
in each points) 
Sampling points TS vs vsfrs (%) 
(1) 
rec 
Solid from 
ycling centre 60.9% 38.4% 63.0 
(2) Feed into cyclone 4.2% 2.7% 64.8 
(3) Cyclone grit 25.8% 6.8% 26.3 
(4) After cyclone 5.0% 3.5% 70.8 
(5) Before hydrolysis 5.5% 3.7% 66.9 
(6) After hydrolysis 62.7% 43.0% 68.5 
(7) Digestate 5.6% 3.2% 57.1 
(8) End cakes after 32.0% 21.0% 65.7 
centrifuge 
There were some differences between the waste characteristics at Wanlip and 
Herten refuse hydrolysate discussed in chapter 6 (see table 6.11), although the 
pretreatment process system used might be similar. The Herten samples had a 
high > 8'YoTS content after hydrolysis, whereas Wanlip hydrolysate was around 
6*/oTS. The organic fractions (VS/TS) were average 53% at Herten hydrolysate 
samples compared to 69% of TS at Wanlip hydrolysate samples. Thus Wanlip 
hydrolysate samples seemed to contain more fibres, Herten hydrolysate samples, 
on the other hand had more inerts. Further analysis on the suspended solids 
content or CST at Wanlip would be helpful to compare with Herten. The materials 
were quite different however with larger suspended solids in the Wanlip samples. 
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Based on the literature review, it was anticipated that cellulose as paper would be 
half the VS. However the biodegradability of different types of paper could not be 
obtained, as it was difficult to identify the types of paper at this step. A controlled 
test to find out the organic content in daily discarded papers was conducted and the 
results were shown in table 7.3. 
Table Z3 Characteristics of newspaper and shin paper 
Samples TS vs VSfTS 
Newspaper 91.3% 90.8% 99.4% 
Shin paper 96.3% 52.0% 54.0% 
The newspaper contained a quite high up to 99% organic fraction but shin paper 
contained only the half of the organic content of newspaper. Organic content is one 
of the important effects on the performance of anaerobic digestion, however if the 
contents of cellulose or fibre especially lignin were high in the organic fractions, the 
digestion may become difficult due to their structures characteristics. 
Kayhanian (1995) noted a high lignin content range (23% of VS) in newspaper, 
followed by garden waste and synthetic wastes (see table 7.4). The lowest lignin 
content was found in food waste and office paper. The results for the organic 
substrates estimated by Kayhanian (1995) are shown in table 7.4. The reviewed 
studies in sections 2.2.3 and -2.3.2.1 have emphasized 
that the major organic 
constituents of MSW are cellulose, hemicellulose and lignin. The range of cellulose 
was from 33 to 750/oTS; the range of hernicellulose was from 5 to 15%TS and the 
range of lignin was from 3.5 to 15%TS (Kayhanian, 1995; Barlaz et al., 1990 and 
Peres et al., 1992). The recalcitrance of lignin to anaerobic biodegradation severely 
limits the hydrolysis rate. 
Table 7.4 Estimated fignin content range (Kayhanian, 1995) 
Organic substrate Lignin content range (%VS) 
Newspaper 20-23 
Office paper 0.2-1.0 
Garden waste 4-10 
Food waste 0.1-0.7 
Mixed blend* 4-7 
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*Mixed blend consists of 19% newsprint; 53% office paper; 15% garden waste and 
13% food waste (dry basis). 
7.3 LAB-SCALE TRIALS 
Biffa AD plant had a MSW only feed instead of the combined sewage sludge and 
MSW feed they planned in the beginning. As explained in chapter 6, there were 
advantages with combined AD treatment. The AD treatment for MSW only feeding 
may be more difficult than the combined AD treatment, especially in its high load 
feed concentration. 
Three identical lab-scale standard kit fermenters with a9 litre active volume in a 10 
litre total volume were set up in the warm chamber at 350C (plate 7.2). 
.4 
: wr': Plate 7.2 The digesters operated at the warm room at the lab 
The performance was assessed by VS removal, gas production, alkalinity balance, 
changes to specific resistance to filtration, i. e. capillary section time (CST), viscosity 
and pH. 
7.3.1 Performance and Results of Digester 1 as the Control 
The digester 1 started early compared to the digesters 2 and 3. In this experiment, 
the performance of digester 1 was separated into three stages for analysis. The 
first stage was the start up period of the experiment. The second stage was the 
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high load period 11 (target period). The third stage was the new proposal period III 
(reduced load period). 
7.3.1.1 Biomass for Digester 1 
Initial inoculum used for digester I was the digestate collected from the MSW AD 
digester tanks at Wanlip. The slurry was added directly to the model digester 1 and 
run for two days at the warm room without any other feeding. The blogas yield was 
negligible and the fibre content in it immediately caused mixing problems. Fibres 
and other small flocculated solids accumulated around and exerted a high load on 
the mixer. The culture was condemned as inert, stuck and too much of a shock 
load. 
A fresh digested sludge collected from Wanlip sewage plant was then mixed with 
MSW digestate in a 50: 50 volumetric ratio as inoculum. Subsequently, a serious 
foaming occurred soon. This might be attributed to the high residual VS content in 
the mixed inoculurn (66.3%). Details refer to section 6.4.4. 
The model digester I was then cleaned and an entirely fresh digested sludge 
collected from the Wanlip sewage plant was applied. This time the foam subsided 
and mixing was satisfactory. The initial internal total solid of digester I was 2.3%. 
Z3.1.2 The Period of Start up 
As the feedstock collected from MSW holding tank has a high solid content of 
6%TS and well flocculated shown in plate 7.3 and the given previous experience, a 
low initial OLR of 0.27 kgVS/m3/d and a long HRT were chosen at the beginning of 
the test. In this way it could avoid accumulation of anaerobic digestion intermediate 
products such as volatile fatty acids (VFAs) which would inhibit acetogenesis and 
methanogenesis. 
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L 
Plate 7.3 The OFMSW waste collected from Wanlip, Bifla. The bucket was 20 litre 
Gradually the OLRs were increased by reducing the HRTs from 90 days to 45,30 
then 20 days with a reduction in HIRT every 3-4 days. After two weeks, the feed 
loadings reached to the OLR of 2.94 kgVS/m, 3/d and achieved a hydraulic retention 
time of 18 days according to the design. Figure 7.3 shows the changes to organic 
loadings for digester 1 during the trials. Figure 7.4 & 7.5 show the solid content (TS 
and VS) of feed and digestate 1 during the experiments. At this point, the total solid 
concentration of feed was 7.1% and the organic fraction (volatile content) was 
73.3% of TS. 
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Figure 7.3 Organic loading rate for the digester 1 as control 
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In this period, the VS removal of digester 1 has a small decrease from 75.6% to 
64.7% (figure 7.6). However this change would be expected when the increase in 
OLR from start up 0.27 kg/M3 /day to 2.94 kg/m3/day was taken into account. 
Typically sewage sludge only digesters are loaded at between 1-1.5 kg VS/M3 /d at 
15 days retention time (CIWEM, 1996). The load of 2.94 kgVS/m3/d at 18 days 
HIRT was then kept constant to the digester 1 for two weeks and the VS removal 
shows a small decrease from 65% to 62% (see figure 7.6). 
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Figure 74 The TS of digestate 1 and feed for digester 1 (the control) 
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Figure 7.5 The VS of digestate 1 and feed for digester 1 (the control) 
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After a short break of one week, the OLR was further increased to 3.8 kg VS/M3 /d 
and digester 1 showed an increase in performance on VS removal from 62% to 
70% (day 50). Digester 1 worked well at OLR around 3.8 kg VS/M3 /d for three 
weeks with the VS removal at average 66%. Most likely the microorganisms were 
having more time for acclimatization during the short break, therefore the digestion 
efficiencies were better than before. Then the loading to digester 1 was further 
increased from 3.8 to 4.8 kgVS/m3/d by raising the solid content of the feed from 
8.8% to 11 % in line with the objective of finding the maximum load. 
The internal solids contents of the digesters (figure 7.5) were rising to around 4% 
from the beginning of 2.59% and the volatile solid rose from 1.67% to 2.77%. VS 
removal fluctuated slightly in sympathy with the OLR (average 4.6 kgVS/m3/d). The 
digester 1 was stable at this applied load, but the pH was a little bit lower than 
neutral pH 7 (figure 7.7). The pH soon recovered after stopping any feeding for one 
day. The performance recorded was better than noted in the investigation by 
Barber (2005) who reported 35-64% VSR at loads of 0.53-2.66 kgVS/m3/d. 
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Figure 7.6 Volatile solid removal for digester 1 (the control) 
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Figure 7.7 pH trends for the digesters 1,2 and 3 during the experiments 
7.3.1.3 High Load Period 
Previous research (Agrar- und Umweltanalytik Jena GmbH, 2005) had established 
a working feed concentration of MSW up to 13% at 18 HIRT. The experiment lasted 
36 days. 
Digester 1 was kept at 18 days HRT irrespective of variations in the feeds solids. 
The MSW feed had to be preconcentrated to around 13% before feeding to the 
model digester 1 in this high load stage. The load to digester 1 consequently rose 
from 4.48 to 5.56 kgVS/m3/d, a further 24% increase (figure 7.3). 
Figures 7.3 to 7.6 show a variable performance of digester 1 in this high load period. 
During the highest organic loading period, the average feed solid was 13.6% and 
volatile solid (VS) was 10.2% (plate 7.4). The internal solids content (TS) from 
digester 1 rose from 4% to 6% and the VS from 2.8% to 4.7%. At the beginning of 
this high loading time, the VSR removed for digester 1 improved from 66% to 
around 75% due to the HIRT buffering effect. Then the VSR showed a steady 
decrease from 75% down to 60%. The OLR fluctuated between 5.16 and 6.75 
kgVS/m3/d. The total solid feed content corresponding to the highest OLR of 6.75 
kgVS/m3/d was 15.5% (figures 7.3 and 7.4). The solid concentrations and OLR 
reached or exceeded the maximum load of 13% intended. 
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At this stage, however the mixing of digester 1 was getting difficult. The mixing rate 
of 100 rpm was raised to 126 rpm then up to 136 rpm to improve the visible mixing 
and avoid stratification in the reactor at this particularly high loading rate of 13-15% 
feed solids. The 13% solid feedstock (plate 7.4) was too thick to flow and a dilution 
with pre-collected cligestate from digester 1 was needed to make the wastes flow 
through the inlet of the digesters (1.8 cm in diameter). The removal and feeding of 
500 ml materials became time consuming. 
7.3.1.4 Problems Found in High Load Period 
- Mixing 
Adequate mixing is generally required to maintain the process stability within the 
digester. 
When the high loading rate was applied to the digester 1, the mixing problems 
started to appear. The deterioration in mixing resulted in higher internal solids 
which led to agglomeration, solids accumulation and reducing mixing efficiency 
further. The fibrous flocculated sludge also prevented biogas escape and a 1.5 cm 
floating layer formed with light particle/materials and the trapped biogas. The 
mixing of the digester became one of the main issues as the solids and feed 
concentrations were close to the maximum load in wet process digestion reported 
from the literature (Agrar- und Umweltanalytik Jena GmbH, 2005 and Lissens et al., 
2001). 
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- Large particles formed and fibres accumulated in the digesters 
As the problem became severe, the inside of the digester was investigated. The 
digester 1 was opened on the day 31 after the high loading of 13-15%TS. The 
stirrer was found to be choked by a lot of fibre waste which is shown in plate 7.5. 
Some accumulated fibre wastes (plate 7.6) were also found in the bottom of reactor 
1. The micrograph (plate 7.7) shows that the majority of large solids are fibres. 
Thus it could be suggested that feed wastes contained a high cellulose content 
from different types of papers and packing. This is supported by previous work that 
OFMSW consisted mainly of cellulose, hernicellulose and lignin (Kayhanian, 1995; 
Barlaz et al., 1990 and Peres et al., 1992). 
Plate 7.5 The wastes adhereci to stir paddle 
Plate 7.6 The settled wastes from the bottom of digester 1 
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Plate 7.7 Micrograph of digestate sample from DIgester 1 
Although the feedstocks were less than 8 mm in sizes, undigested feed still 
accumulated, aggregated, floated or settled in the digester to form larger 
heterogeneous wastes due to the characteristics of waste feed. As more 
heterogeneous materials accumulated in the digester, the removal of digestate from 
the 1.2 cm diameter outlet of lab digester was getting more and more selective and 
time consuming. This gave rise to misleading VS removal biased by the solids 
selective sample. These accumulation and stratification subsequently made the 
mixing worse and more difficult. A gradually increase of internal solid concentration 
in the digesters leading to failure of the AD system would be predicted, if the high 
loading rate was applied further. 
- Changes of stability indicators 
A lot of evidences showed that the high solid feed of 13 -15% with the high content 
of fibres has led to the problem of accumulation of internal solids in the digester 1. 
Figure 7.8 shows the worsening situation based on Ripley's ratio value which 
revealed the process were experiencing an alkalinity imbalance during the high load 
period 11. 
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Figure 78 The Ripley's Ratio of digester 1 (the control) 
The Capillary Suction Time (CST) plotted in figure 7.9 also increased during the 
high load period 11. The very long CST indicates the poor dewaterability at this 
period for the cligestate 1. This data supports the hypothesis that there are 
changes to the free water in the digester. Ambiguous opinions regarding CST 
results can be found in the literature. Lawler et al. (1986) concluded that when 
digestion worked well, particles of all sizes were destroyed but there was a 
preferential removal of particles of small size, a consequent loss of specific surface 
area, and therefore an improvement in dewaterability. Conversely when digestion 
did not work well, large particles were destroyed but small particles were created 
with a consequent gain in specific surface area and therefore a deterioration of 
clewaterability. This conclusion could be applied to the results shown here from 
cligestate 1, but equally the general deterioration in digester performance and water 
bound to the fibre could explain the results. The VS removal (figure 7.6) shows a 
decrease and the viscosity rapidly increases as well (figure 7.10). 
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Figure 7.9 The CST of digestate 1 (control) 
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Figure 7.10 The change of viscosity for digester 1 during start-up period / and high 
load period /I 
Recent experiment results (Cumiskey et al., 2003) reported the same range of 
viscosity level on sewage sludge digestion. 
I 
- 
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The internal solid content of digester 1 was measured after mixing the slurry 
completely manually. 8.5% total solid and 6% volatile solid were obtained as first 
arrow shown in the figures 7.4 and 7.5. They were 2.1% and 1.3% respectively 
higher than the last digestate results from sampling outlets. It was suggested that 
high OLR, poor mixing and subsequent accumulation resulted in the high solid 
contents produced in the digester 1. Based on this volatile solid value, the VS 
removal was found less than 40%. This explains the lower than expected gas 
production, and increases in viscosity and deterioration in dewaterability. Some of 
the performance for volatile solids removal was actually volatile solid accumulation. 
Thus this experiment results confirmed that 13% solid feedstock concentration was 
too high for wet digester system CSTR suggested by Lissens et al. (2001) and 
Agrar- und Umweltanalytik Jena GmbH (2005). Lissens et al. (2001) noted that a 
15% solids was maximum for wet system digesters. The pilot-scale research of 
MSW digestion carried out by Agrar- und Umweltanalytik Jena GmbH (2005) 
reported that the mechanical mixing did not work for the feed concentration up to 
13%. Therefore it could be predicted that digester 1 would fail with the high MSW 
feed of around 13-15% TS based on the investigations and analysis. The next 
experiment period thus was designed with reduced solids concentration loading. 
7.3.1.5 Reduced load period 
In addition to lowering solids load in this period, a more complex three-level paddle 
designed to avoid stratification was also tried. Plate 7.8 shows new stirrer (1) 
fabricated and old paddles (2). 
Ob- 
I Ll 
(1) (2) 
Plate 7.8 (1) the new designed three-level paddle; (2) the previously used paddle 
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Figure 7.11 depicts the working schematic graph of new paddle. The upper paddle 
located in the surface level of the liquid can destroy the form of the thick floating 
layer. 
inlet 
outlet 
Figure 7.11 The schematic diagram of newpaddle in the digester 
The new stirrer was fitted for these experiments with reduced feed solids. At the 
time the internal solid content from the previous test was 8.5%, which was still high. 
The increase of mixing rate and the application of new designed stirrer paddle may 
still not have given complete mixing due to the characteristics of wastes. A dilution 
was therefore conducted to reduce the internal solids to 6% TS intended. 2 litres 
supernatant from the feedstock was added to digester 1 to adjust the internal 
content to around 6% TS. 
The feed solid concentration was also diluted back down to 10% for all digesters to 
see if this could achieve a steady state. The load was subsequently reduced from 
6.5 to 4 kgVS/m3/d. 
In this stage, the performances of digester 1 as a control were compared with the 
other two digesters with pretreatments. These comparative results will be 
described in section 7.3.6. 
During this reduced load period, the Ripley's ratio dropped back to the level of first 
acclimatization experiment and showed a stable and low level in this period 
compared to the high load period 11 (figure 7.8). The CST also decreased gradually 
but was still higher than that in experiment I at acclimatization period (see figure 7.9) 
with the same level of OLR (figure 7.3). Recovery was to take more than 8 weeks. 
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During this reduced load period, the total solid and volatile solid measured from the 
cligestate 1 had a stable trend of around 5.6% and 3.7% respectively (figures 7.4 
and 7.5). However these internal solid contents did not return to the level of the first 
period where the same OLR was applied. Figure 7.12 shows the specific gas yield 
from digester 1. The average gas yield in this reduced load period was similar to 
those typically reported on MSW and sewage sludge (see at 0.8 m3/kgVSdestroyed)- 
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Figure 7.12 The weekly average of specific gas yield from digester 1 (the control) 
Specific gas yield (SGY) of the digester 1 (figure 7.12) revealed the performance of 
a digester. in this case, the average SGY in the reduced load period III was 53% 
more than that in the high load period 11. This meant that the performance in the 
high load period 11 was inhibited or alternatively the composition of feed waste 
changed substantially between the two periods. The feed was collected weekly and 
there were no obvious changes in physical or biochemical parameters. 
Figure 7.13 shows the average specific biogas yield based on the VS added in this 
research and compared to the literature. In the high load period 11, the gas yield 
gradually declined from an average 0.34 to 0.27 m3/kgVSadded as the OLR increased 
from 5.1 to 6.11 kgVS/m3/d. Then after the OLR was returned back to around 3.5 to 
4.1 kgVS/m3/d in the reduced load period, the specific gas yield increased quickly to 
between 0.33 and 0.45 m3/kgVSadded which was similar to other investigations for 
IVISW digestion (KObler et al., 2000; Krzystek et al., 2001; Cecchi et al., 1988 and 
207 
Chapter 7 
Peres et al., 1992). These steady state gas yields of between 0.3-0.5 m3/kgVSadded 
are normally achievable. 
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Figure 7.13 Comparing the results of the specific gas yield per total VS feed from 
digester 1 (the control) with the results from the literature: 
(1) KObler et al. (2000); (2) Krzystek et al. (200 1); (3) Cecchi et al. (1988) 
Weekend rests meant that the total biogas produced was the lowest on a Monday 
and thereafter the biogas yield increased. Apparently, therefore the digestion 
process was substrate-limited, especially during the weekends when no feed was 
added. If these first days and lowest SGY are ignored in this study, the average 
specific biogas yield based on the VS added would be 0.36 m3/kgVS,, dd,, d at the 
shock load period and 0.44 m3/kgVSadded at the reduced load period. 
Figure 7.14 shows the VS removal during the different experimental periods at the 
different OLRs in this investigation. The VS removal declined from the average of 
70% at the acclimatization period to 64% at the high load period 11, and then down 
to 49% at the proposed load third period. Therefore the average VS removal (figure 
7-6) at the reduced load period III was 20% lower than that at the acclimatization 
period I where the same OLRs were applied, and also lower than the shock load 
period 111. This was contrary to the average specific biogas yield which at the 
reduced load period III was 53% higher than that at the high load period (see figure 
7.12). 
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Figure 7.14 The VS removal of digester 1 at the three periods against OLR applied 
It was concluded that when the high loading solids of 13-15%TS was applied at the 
high load period 11, the mixing was getting worse. In addition the 1.2 cm diameter 
outlet size from the digester was too small for these re-flocculating high solid 
contents and some accumulated large size particles could not discharge properly. 
Therefore the samples obtained and the VSR% calculated were not representative 
at the high load period 11. The sample obtained after opening the digester 1 at the 
high load period 11 better reflected the situation and the VS removal was actually 
less than 40% (figure 7.14) at that point. It was 25% lower than the measured 
results from sampling outlets. Therefore the VS removal at the high load period 
was actually the solid accumulation inside the digester. The evidence was 
indicated by the poor specific biogas yields (figure 7.12 and 7.13) at the high load 
period 11 compared to the reduced load period 111. This was also supported by pH 
(figure 7.7) and Ripley ratio (figure 7.8) which indicated the overloading. The 
hydrolysis step would also be impaired by feedback inhibition. Therefore the 
progressive accumulation reduced mixing efficiency and led to eventual failure. 
At reduced load period 111, the internal solid measured was constant and did not 
reduce compared to the high load period 11, although the feed loading was reduced 
from 15% to 10%TS. This meant the removal efficiency was still not optimal. The 
mixing was gradually getting worse again and the inert precipitate was still visible. 
It was suggested that there was still an impact from the high load period 11. 
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Furthermore, the digester's effective working volume was estimated up to 10% 
smaller due to sedimentation of inorganic material and accumulation of the 
recalcitrant material, therefore the actual HIRT was shortened and the OLR was 
increased. 
To investigate any internal accumulation of digester 1 and adjust the internal solid 
concentration back around 6%TS, digester 1 then was opened again to move some 
accumulation. The waste materials adhering to the stirrer and many floating debris 
in the digester 1 can be seen at plates 7.9 and 7.10. Mace et al. (2005)'s 
investigation also revealed the similar problems in the full scale AD plants. They 
suggested that small particles of sand, plastic, fibre and inerts accumulated at the 
digester bottom or formed a thick scum layer at the top and provoked the digesters 
failures. 
The inert precipitate in the bottom of digester 1 was mainly composed of sands and 
small gravels (plates 7.9). Table 7.5 shows the parameters of this inert material in 
which the organic content was only 9%TS. 
"'I'M 
Plate 7.9 Inert moved from the bottom of Digester 1 
Table 7.5 The parameters of bottom inert from digester 1 
Sample size (mm) Weight (g) TS (%) vs (%) vSrrS (%) 
2 215.8 50.7 4.7 9.2 
The material adhering to the stirrer shown in plate 7.10 has similar characteristics 
with the results from the first opening. The parameters of this part are shown in 
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table 7.6. The organic part was 36% of TS and inorganic part may be composed of 
mud, fine sand and glass or ash. 
Plate 7.10 The removed material adhering to the stirrer from digester 1 
Table 76 The parameters of material adhering to the stirrer from digester I 
Weight (g) TS vs VSrTS 
266.6 24.9% 8.9% 35.6% 
The floating solids from the digester 1 were analysed and samples are shown in 
plates 7.11. They were formed from accumulation and aggregation of small 
particles in the digester. Obviously like the sediment, they were not readily 
available for digestion especially when they formed large sizes with more poorly 
solubility. They had a high organic content probably plastics, celluloses and 
lignocellulose not fat despite their flotation. The organic fraction was 72% of TS. 
Small particles of plastics and other impurities can be visually found in this part. 
The parameters of this material are shown in table 7.7. 
Table 7.7 The parameters of removed floating material from digester 1 
Weight (g) TS VS VS/Ts 
336.1 21.2% 15.2% 71.6% 
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Plate 7 11 The removed floating material from digester 1 
Table 7.8 shows a comparison of the inert contents at different position in digester 
1. The settled material contains the highest inerts content 91% of TS, while the 
floating material has a low inert content 28% of TS. Thus it was required to remove 
the settled inerts to keep a good performance condition. 
Table 7.8 Comparison of the inerts in different position of digester 1 
Inerts in the digester 1 VS/Ts (%) Inert % 
Floating inerts (Top) 71.6 28.4 
Inerts on stirrer (Middle) 35.6 64.4 
Seftled inerts (Boftom) 9.2 90.8 
After removing the inerts, the internal content of digester 1 was measured as 7.7% 
TS and 4.7% VS after a complete manual mixing (second arrow in figures 7.4 and 
7.5). The TS was 1.9% and VS was 1% higher than the results from sampling 
outlets before opening. The VSR of digester 1 at the time was 34.5% calculated 
after opening digester 1, which was 15% lower than average VSR in the reduced 
load period 111. This actual VS removal was lower than that reported in the literature 
for sole OFMSW digestion (Krzystek et al., 2001 and Peres et al., 1992). 
To adjust the internal solid concentration of digester 1 close to 6.5%TS, some yeast 
wastewater was supplemented into the digester 1. Apparently, this kind of 
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wastewater was more readily biodegradable and less viscous, hence it may 
promote the biodegradability in digester 1 (Shelton-Smith and Wheatley, 2006). 
After restarting, the internal contents were still seen not to be very well mixed and 
inert sedimentations were still gradually being formed. Thus it seems that particle 
size and inerts are still a problem for direct digestion at 6% TS compared to the 
previously tried soluble hydrolysis in chapter 6. 
7.3.2 Performance and Results of Digester 2 for Prehydrolysed 
MSW Treatment 
The performance of digester 2 was divided into the three stages as described 
above for detailed analysis. The first stage was the start-up period 1. The second 
stage was the high loading period 11. The third stage for digester 2 was with the 
pre-hydrolysate feeding in which its performances would be compared with the 
control of digester 1. 
7.3. Z 1 Inoculum for Digester 2 
The inoculum sludge for digester 2 collected from Wanlip STP was settled down for 
one week to obtain a higher digester solid concentration. A9 litre inoculum with 
3.5% total solid concentration finally was obtained for digester 2. This compares 
with an inoculurn of 2.0% TS for digester 1. 
However serious foaming occurred constantly over the first week of running the 
same as the start up from digester 1. Plate 7.12 shows the thick foam layer yielded 
in digester 2. This may be attributed to the high residual VS content of 66.71yoTS in 
the inoculum sludge which seemed to produce a lot of residual biogas potential. 
Reducing the stirring speed and lifting the fence paddle up to the foam layer helped 
to reduce the foam. Proprietary antifoarn was obtained from Biffa and was added to 
digester 2. After two days' running, the digester 2 became stable and foamless. 
Digester 2 was more difficult to stabilise than digester 1, as it had a higher internal 
total solid content of 3.5% compared to 2% in the digester 1 and produced the foam 
initially whereas digester I did not. Therefore the performance of digester 2 might 
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be biased by the variation of inoculum which could influence the subsequent 
performance. 
V 
IMP 
Plate 7 12 When the foam produced constantly in digester 2 
7.3.2.2 Start-up Period 
Initially 400 ml 7.1% solid feed was added to digester 2, i. e. OLR was 2.3 kg/m3/d 
and HRT was 22.5 days. The performance of digester 2 showed a steady state 
after one week's feeding. Obviously the digestion process needs longer time for 
the inoculum to acclimate to any changes in substrate and OLR. After one week 
stabilisation of digester 2, the feed was increased to reach 8% solid loads (figure 
7.16) and 18 days HRT. There was no further foam observed in digester 2 and no 
more antifoam required. Once a stable performance was established, the load to 
digester 2 was increased from 2.8 to 3.38 kgVS/m3/d (figure 7.15a) and kept at this 
level for two weeks. 
Figure 7.15b shows a comparison of OLRs for digester 1 and digester 2. Digester 2 
had a higher start OLR followed by a similar increased in OLR as digester 1. 
However digester 2 did not perform as well as digester 1, although they had similar 
internal solids contents (figures 7.4 & 7.5; figures 7.16 & 7.17) and OLRs. Data of 
VS removal in figure 7.18b show a lower VSR obtained in this period than that in 
digester 1. One possibility was that the high start-up inoculum of 3.5% and the 
foaming problem in digester 2 had created some stability differences between the 
digesters. 
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Figure 7.17 The volatile solid concentration of digestate 2 and feed for digester 2 
The load to digester 2 continuously rose from 3.38 to 4.5 kgVS/m3/d following the 
stable start up process. Figure 7.18 shows that the removal of VSR of digester 2 
had an increase from 60% to 70% with the OLR increase, as the feed concentration 
increased from 7% to 11.3% (figure 7.16). Then they were kept at this level with 
the little fluctuation of loading rate around 4.3 - 4.62 kgVS/m3/d for three weeks. 
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The performance indicators of pH, Ripley's ratio and viscosity produced similar 
results compared to the results from digester 1 under the similar conditions. The 
VS removals of digester 2 showed a small fluctuation between 70% and 62% with 
the little variations of OLRs. They were better than 30-60% VSR of sewage sludge 
alone digestion treatment (see chapter 6) and confirmed the biodegradability of the 
MSW. 
I nnol 1 vu -/0 
80% 
-ru 
> 60% 0 
E 
cu 
40% 
20% 
0% 
1: start-up 
period; 
II: high load 
pedod; 
III: steady state 
period. 
40 60 80 100 120 140 160 180 200 220 
Time (day) 
Figure 7 18a Volatile solid removal for digester 2 (hydrolysed feed) 
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Figure 7 18b Comparison of Volatile solid removal for digester 1 (the control) and 
digester 2 (hydrolysed feed) in different period 
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7.3. Z3 High Load Period 
Digester 2 was also to be used for shock loads experiments when designed loads 
feed 130/aTS were attained at 18 days HRT. The hydraulic retention time would be 
reduced to 15 days, and then 12 days. 
With the stable performance, the solid concentration of feed for digester 2 was 
increased from 11.3% to 13.9% to match the digester 1. Internal solids content (TS) 
was near 5% and volatile solid (VS) was 3% for digester 2 at the beginning of this 
high load feeding (period 11 in figure 7.16). 
The feed total solid concentrations for digester 2 fluctuated a bit between 12.8% 
and 15.8% with the OLRs between 5.3 and 6 kgVS/m3/d at this period. The VS 
removal was average around 70% at these high loading rates. The Ripley's ratios 
(figure 7.19) were in the normal ranges. However there were changes to specific 
resistance to filtration (figure 7.20) which increased by 50%. The internal solids 
content (TS) in digester 2 rose from 4.8% to 6% and volatile solid (VS) was up from 
3% to 4% in sympathy with the more concentrated feeds. The specific blogas 
yields shown in figure 7.20 had a small decrease which was already lower than the 
expected standard (- 0-9M3/kgVSd9stroyed)- 
The mixing speed for digester 2 was increased from 100 rpm to 136rpm after two 
weeks running at high loading rate to try keeping a good mixing and avoid obvious 
stratification. 
7.3. Z4 Problem of Digester 2 
The data shows that it has taken time for problems to occur following the 
introduction of continuously high loading rate. The stratification problems 
encountered with digester 1 were also occurring to the digester 2 at continuously 
high loading rates. This is corroborated by the data which showed the lower gas 
yield than expected (figure 7.21) and the deterioration in dewaterability (figure 7.20), 
because some of the performance for volatile solids removal was actually the 
volatile solid accumulation. At the time digester 2 also showed the same trends as 
digester 1, although the accumulation in digester 2 was less than that in digester 1 
as its running time 23 days at high load was shorter than 36 days at high load for 
digester 1 (figure 7.15b). 
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To maintain a good mi)(Ing and avoid stratification, the digester 2 was opened on 
the day 23 of its high load period 11 to adjust the internal solid content and change 
the paddle as with digester 1. The new paddle was same design as one used for 
digester 1 (plate 7.8 (1)). 
It was observed during the opening of digester 2 that a lot of fibre wastes adhered 
to the stirrer, which was similar to digester 1. The small sizes wastes accumulated 
and aggregated with each other within the digester to form the large clumped 
masses of waste. 
The internal contents of digester 2 were then completely homogenized manually 
before restarting. The solids content was measured as 7.5% of TS and 4.76% of 
VS (arrows) shown in figures 7.16 and 7.17. These were 1.5% and 0.76% (TS and 
VS) higher than those in digestate 2 prior to opening. This replicates the data from 
a Germany report (Agrar- und Umweltanalytik Jena GmbH, 2005) on direct 
digestion of MSW. In the Germany report, four pilot scale digestion tests (150 1 
reactor) were carried out with different solid concentration feeds of MSW of 13%, 
13%+a commercial enzyme, 11%, 9%. The German digesters were run for one 
month as appose to the 3 months reported here. The mixing was very insufficient 
as the solid content was high. Amount of non-fermentable materials such as 
lignocellulose, plastic and inerts were found which was the same as observed in 
this experiment and described in section 7.3.1.5. The German results were over 
such a short period that they may not be representative although the biogas 
production was claimed to be as expected. In the German study there was no 
complementary data on the mixing but it was reported as poor. 
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Figure 7.20 The CST of digestate 2 (hydrolysed feed test) 
7.3.2.5 New Proposal Period for Digester 2 
As the hydrolysis of solids is the rate limiting step in anaerobic digestion of MSW, a 
two-stage process with the enhanced conditions for solid hydrolysis is commonly 
used as alternative way for better digestion of high solids wastes (see sections 
2.2.4.2 & 2.3.1.4 and Alatriste-Mondrag6n et al., 2006). Furthermore the Animal 
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By-product Directive (ABD) will require that all food waste from catering both 
wholesale and retail with meat will need pasteurization to meet the ABD (Cahalane, 
2005). Such routes have been in place for abattoir and meat processing wastes 
since the discovery of the routes for the transmission of Bovine Encephalitis and 
Foot and Mouth Virus. 
The Wanlip AD plant was designed with a separate hydrolysis stage for OFMSW. 
The wastes are pretreated at 570C for 5 hours during a hydrolysis process for the 
purpose of pasteurization (figure 7.1). The hydrolysis effect on the wastes was 
investigated using digester 2 in the new proposed period III (steady state period 111). 
This will allow comparison with digester 1 fed with unhydrolysed MSW as a control 
digester. 
The internal solid content of digester 2 was adjusted to around 60/CTS at the 
beginning of the period III and a new paddle similar to the one for digester 1 was 
fitted. To compare the performances between the digesters 1 and 2, the 
hydrolysed waste was preconcentrated to around 10, YoTS before feeding to match 
the other reactors (figure 7.15b). Consequently this reduced the loads from 6.5 
kgVS/m3/d at high load period 11 to 4 kgVS/m3/d at steady state period III (figure 
7.15). 
Digester 2 showed an increased specific gas yield by average 66% at the steady 
state period III compared to previous high load stage 11 (figure 7.21) after the 
10'YoTS hydrolysed feed was applied. Figures 7.16 and 7.17 show the change of 
solids contents of digestate 2. The average solids content was 5.611/oTS and 
3.6%VS at the steady state period III, which was slightly lower than 6%TS and 
4%VS at the high load period 11. The VS removal shown in figure 7.18 was average 
50% at steady state period III, which was 16% lower than previous periods I& 11, 
but this is thought to be more realistic since VS was being retained within the 
reactor. The Ripley's ratio and CST (figures 7.19 and 7.20) were slowly decreasing 
compared to those in the high load period 11. The high viscosities have also 
decreased with the lower feed loads. 
A comparison on SGY between digesters I and 2 is also shown in figure 7.21. 
Similar OLRs around 4 kgVS/m3/d were applied to both digesters (see figure 7.15b), 
but digester 1 as the control was fed unhydrolysed MSW compared to digester 2 
fed hydrolysed MSW at the steady state period Ill. It seemed that there was no 
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significant improvement by hydrolytic pretreatment based on comparison of the 
results of performance parameters of these two digesters at the steady state stage 
III (figures 7.15b and 7.21). 
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Figure 7.21 Comparison of the weekly average of specific gas yield from digester 1 
(the control) and digester 2 (hydrolysed feed) in high load and steady state periods 
7.3.3 Performance and Results of Digester 3 for Enzyme Addition 
Treatment 
The digester 3 was started later than the other two digesters and the operation 
period of digester 3 was divided into two rather than three stages. The first stage 
was the start-up and the high load period. The second stage was the enzyme 
addition trials in which its performance was compared with that of digester 1 as 
control and digester 2 with hydrolysate feeding. 
7.3.3.1 The Start-up and High Load Period 
The inoculum for digester 3 was composed of 75% digested sludge obtained from 
Wanlip STP and 25% mixed digestates from the digesters 1 and 2. The cligestates 
were added to try to avoid the foam at start up. However, digester 3 still produced 
heavy foam as what had occurred in digester 1 and 2. This was attributed to the 
high residual VS content in the digested sludge. The proprietary anti-foam from 
Wanlip works was then applied to stabilise digester 3 during start up. 
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After the foam was brought under control, the digester 3 was fed with the same 
waste of 12.83%TS content as the other two digesters but a low OLR of 1 
kg VS/M3 /d, (i. e. 100 ml feed/day, 90 days HRT) at first, until there was confidence 
in its operation. 
The feed loading was then increased gradually day by day for one week. High load 
of 13.9%TS and OLR of 5.8 kgVS/m3/d at 18 days HRT were reached. It took over 
80 days for digester 1 and 45 days for digester 2 to reach this loading rate. 
Therefore digester 3 had the most rapid acclimating period. The results indicated 
that a reactor for OFIVISW treatment could be started quickly with an inoculurn 
containing some culture from an operating anaerobic digester treating OFMSW. 
The process was capable of handling OLRs of up to 6.16 kgVS/m3/d, which was 
higher than the OLRs mentioned in literature, probably because of the part pre- 
acclimatised inoculum. Demirekler and Anderson (1998) also came to the same 
conclusion in their study. Process in their research was capable of handling OLRs 
between 3.2 and 5.2 kgVS/m3/d. Normally the recommended initial OLRs which 
were increased gradually through start-up period varied from 0.3 to 1.3 kgVS/m3/d. 
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Figure 7.22b Comparison of organic loading rate for three digesters in different 
period 
During the high load period all three digesters were loaded with same solid feed 
(figure 7.22b). The feeding was at the average of 6.16 kgVS/m3/d (figure 7.22a and 
7-22b). The solids contents in digester 3 were shown in figures 7.23 and 7.24. It 
was planned that if the performance of digester 3 was steady state with high load 
feed at hydraulic retention time of 18 days, the enzymes trial was started. 
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Figure 7.24 The volatile solid concentration of digestate 3 and feed for digester 3 
7.3.3.2 Problem Occurred 
With the high load feeding of 13-14%TS, the VS removal of digester 3 shown in 
figure 7.25a decreased from 80% to 70%. The internal solids was increased from 
3%TS to 5%TS and from 2%VS to 3.5%VS. The specific resistance to filtration for 
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cligestate 3 (capillary suction time) and Ripley's ratio increased quickly (figures 7.26 
and 7.27) and a low pH of 6.87 occurred (figure 7.7) during high load period. 
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Figure 7.25a Volatile solid removal for digester 3 (enzyme added) 
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Figure 7.25b Comparison of volatile solid removal for three digesters in different 
periods 
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Figure 7.27 The Ripley's Ratio of digestate 3 (enzyme treatment test) 
Meanwhile a floating layer in digester 3 were found and it was similar to that in 
digesters 1 and 2, although digester 3 was run for less than one month. It became 
necessary to investigate the internal solids content of digester 3 and its impact on 
the system performance. 
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So as did to digesters 1 and 2, digester 3 was opened on day 23 during the high 
loading feed period. The stirrers were found to be contaminated by fibres similar to 
the situation found in digester I shown in plate 7.5. After manually homogenized 
mixing, the internal TS of 6.1% and VS of 4.0% (arrows in figure 7.23 and 7.24) 
were obtained. The average TS and VS contents were 1.2% and 0.9% respectively 
higher than the TS & VS of digestates before opening, very similar to digesters 1 
and 2 although the operation period of digester 3 was shorter than digesters 1 and 
2. It was therefore predicted that a further increase of internal solids content in 
digester 3 could lead eventually to system failure as noted with digesters 1 and 2. 
As with the other digesters, the paddle was replaced and reactor 3 was restarted 
with solids loading content of 10*/oTS. The load was then reduced to 4 kgVS/m3/d 
same as the other two digesters at the reduced load period. 
Z3.3.3 Programme Period for Adding Enzyme Trials 
The enzyme trial was conducted soon after the loading concentration was reduced 
to around 10% dry solids content The aim was to see if the addition of cellulase 
could accelerate the hydrolysis rate for the fibre rich waste. There were few 
research papers about enzymes enhancement of digestion and detail is given in 
section 2.3.1.3. 
A lab-grade cellulase from Aspergillus niger was bought from Fluka (Fluka AG - 
Chemische Fabrik), Switzerland and used in this trial. Mostly their organics are for 
research purposes and for intermediates in the chemical industry. The enzyme was 
mixed with waste feed at 0.05% (w/W), i. e. 0.25g cellulase was added to 500g wet 
weight feed with 10%TS. Previous work (Agrar- und Umweltanalytik Jena GmbH, 
2005) had reported using up to 2% enzyme (measured as IDS). 
With running of the experiment, the Ripley's ratio (figure 7.27) was found lower and 
better than that in high load period. Specific gas yield (figure 7.28a) shows an 
increase. Soon the enzyme dosage rate was doubled to 0.1% (w/w), i. e. 0.5g 
cellulase was added to 500 g wet weight feed, the solids content was kept at 
1 OIYOTS. 
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Figure 7.28b Comparison of the weekly average of specific gas yield for three 
diaesters in high load and steady state periods respectively 
There was no sign of overacidification, and the performance indicators did not show 
any big change compared to the lower ratio enzyme dosages. Therefore the 
enzyme dosages were increased further to test its efficiency on the high fibre 
content. The dosage ratio was then increased to 0.2% relating to wet weight of 
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feeding (or 2% relating to DM) which matched the mixture ratio of the German 
company's report, but the enzymes applied were different. 
The German company reported an overacidification with their 0.26% ratio between 
the commercial enzyme added and feed, but the details of commercial enzyme 
have not reported (Agrar-u. Umweltanalytik GmbH, 2005). Mace et al. (2001) 
suggested an enzyme dosage ratio of 0.05-0.07%, however neither the feed 
concentration nor enzyme types were reported. 
During this experiment period, the enzymes were added to the unhydrolysed waste 
and then the mixture was fed into the digester 3 directly. This was the same 
procedure as described in the German report (Agrar-u. Umweltanalytik GmbH, 
2005) which its experimental performance and results were briefly introduced in 
section 7.3.2.4. In the German study, an overacidification occurred with the 
commercial enzyme dosages (0.26% to wet weight of feeding or 2% relating to dry 
matter), but the specific source of the commercial enzyme was not reported. Unlike 
the overacidification result in the German experiments, there was no overacification 
in this trial when the similar enzymes dosages (2% relating to dry matter) were 
added directly to digester 3 as in the German experiments. The enzyme used here 
was a different lab-used cellulase (Fluka catalogue number. 22180). In our 
experiments the enzyme was also mixed with the waste separately prior to feed to 
the digester. The hold up time was around 1 day and the mixture was maintained 
at room temperature of 18 -200C. The reference of the catalogue enzyme 22180 is 
quoted at 37"C whereas these experiments were conducted at 20'C. This initial 
step however was largely aimed at simply dissolving the enzyme and the 
comparing improvements with the German experience rather than optimizing 
enzyme performance. Further study on the choice of some suitable commercial 
enzymes under optimum temperature conditions is needed. 
The average concentrations of digestate 3 in generally were stable and they were 
on average around 5.410/oTS and 3.6%VS respectively in this steady state period. 
The VS removal was around 51%. The Ripley's ratio was in the range between 0.3 
and 0.6 and the averages of CST were around 1470 seconds compared to that of 
digester 2 but lower than average CST for the control digester 1 at the steady state 
period. 
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7.3.4 Summary 
The research showed that the digesters were inhibited in the high load period by 
the high solid feedstock at around 13% due to the fibre accumulation, stratification 
and poor mixing. For a given degree of treatment inefficient mixing would mean a 
long FIRT and larger and more expensive tanks. The mixing intensity also affects 
physical distribution of components in the digester and this in turn affects the 
kinetics of the digestion processes. The investigation confirmed other work 
(Ussens et al., 2001 and Agrar- und Umweltanalytik Jena GmbH, 2005) that 
13'YoTS feed concentration was too high for a wet digester system CSTR. 
A decrease to 10%TS of feedstock for all three digesters was required to achieve 
steady state operation. The average solid concentrations of the three digesters at 
steady state period were similar to those in the high load period, although their feed 
loadings were reduced 30% from 15.50/oTS to 100/oTS. The VS removals were 
lower than the shock high load period in which the improved VS removals were 
attributed to sedimentation. The changes of Ripley's ratio being in the range of 0.3 
to 0.6 in steady state period were much better than that in the high load period. 
The performances of the three digesters were compared when their loading feeds 
were dropped back to 101/oTS from the high loading rates and hydraulic retention 
time was kept at 18 days. During this period, digester 1 as the control was fed with 
the unhydrolysed wastes, digester 2 was fed with the hydrolysed wastes and 
digester 3 was fed with the unhydrolysed wastes mixed with enzyme. 
Table 7.9 shows the average results of different performance parameters of 10 
weeks of the steady state period. In general the average results of the three 
digestates were close to each other (figures 7.7,7.25b and 7.28b). 
The average specific gas yields based on the total organic feed added were similar 
between three digesters (see figure 7.28b as well). The average specific blogas 
yield ignoring the weekend data were 0.437,0.433 and 0.443 m3/kgVSadded for 
digesters 1,2 and 3 respectively in the steady state period 111. Digester 3 with the 
enzyme additions did not produce statistically significant benefit, although the 
dosage ratios were increased to 0.2% (w/W). 
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TableZ9 Comparison of average performances for three digesters at steady state 
period I// 
Parameters (average) Digester I Digester 2 Digester 3 
(control) (hydrolysed feed) (enzyme trial) 
TS (kg/m) 55.6 55.7 54.2 
VS (kg/m) 36.8 36.5 35.7 
VSR (%) 49.2 48.3 50.4 
SGY (m3*9VSdest"d) 0.758 0.759 0.745 
SGY (m3lkgVSaddd) 0.373 0.365 0.372 
Ripley's ratio 0.45 0.43 0.45 
CST (seconds) 1824 1619 1465 
Viscosity (mPa-S) 108 113 161 
The hydrolysis pretreatment unrealistically did not bring any benefits either to the 
subsequent digestion or to the biogas productions (m3/kgVSadded)- Previous 
laboratory work reported in chapter 5 has established that high temperature 
hydrolysis caused a loss to the easily biodegradable organic matter. In this 
experiment the organic content in the hydrolysed waste feed was average at 
69.30/oTS which was slightly lower than the average organic content of 72.71yoTS in 
the unhydrolysed waste feed for digester 1. This could be responsible for the 
slightly weaker performance of digester 2 compared with other two digesters. 
There may be some possible presence of recalcitrant substances in the MSW 
hydrolysate, such as toxic hydrolysis byproducts; to inhibit the digestion. For 
example the inhibitory effect of furfurals (released from hemicellulose during acidic 
pretreatment) on methanogenesis was reported by Azhar et al. (1981). Another 
inhibitory factor could have been the presence of phenolic compounds that are 
released from lignin during caustic pretreatment (Watson-Craick et al., 1993). 
Further research and experimental work on the toxicity of furfurals and phenolic 
compounds using BMP tests would help resolve these unconfirmed questions. 
Overall the differences of performance among the three digesters were insignificant. 
It was supposed that the hydrolysis process in Wanlip AD plant actually was slightly 
deteriorated although necessary to meet regulations. Methods for recapturing the 
volatile carbon need to be investigated in further work. 
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The laboratory-scale processes could be operated at feeds of about 10% total solid 
content; higher than the 5-60/6TS typically used at the full-scale process. At higher 
loads, the process is more sensitive to disturbances, and there is a gradual 
deterioration in mixing; and accumulation of wastes and fibre in the digesters may 
happen. Thus close monitoring would be necessary. As digester I was started 
early, it had more waste fibres accumulation than digester 2 and 3. The mixing in 
reactor I was visibly worse than that in digester 2 and 3. This was attributed to the 
high fibre contents of MSW feeds. Therefore the issues of how to increase fibre 
biodegradability, reduce particle sizes and avoid reflocculation became critical. And 
a programme of work is needed in the future to reduce the burden of the fibre if the 
high loads are to be applied to the digesters. 
The Biffa AD plant was the Ws first commercial full-scale AD plant for the 
treatment of MSW. Currently, it has some limits and a significant issue was the lack 
of experience %Mth the process. Nevertheless, much could be gained if a better 
programme for waste characterisation and separation could be developed. 
Monitoring and control is also needed so that a higher load capacity could be 
utilised without the risk to performance. The main limit presently is the 
characteristics of the waste feedstock (probably the fibre content) which reduces 
the efficiency of the biodegradation process. 
7.4 SCREENING ENZYMES 
As noted there are few researches on the effect of enzymes on the cellulosic waste 
hydrolysis, reviewed in section 2.3.1.3. The enzymes chosen for and 
recommended for the continuous trial was not very effective. Therefore a range of 
alternative trial enzymes suggested by Maycock and Webb (2004) were batch 
tested. 
Five types of commercial enzymes (four of them from the biomass stock at the 
Chemical Engineering Department of Loughborough University, one from our 
laboratory) were described in the follow and tested. 
The following two enzyme preparations were from Novozymes AIS, Denmark: 
1) Celluclast (liquid); consisting of a liquid cellulase preparation with declared 
activity of 700 EGU/g and a recommended dosage of 0.1% w/W. (EGU: endo- 
glucanase activity units) 
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2) Ultraflo L (liquid): consisting of a heat-stable multi-active P-glucanase with a 
declared activity of 45 FBUIg and a recommended dosage of 0.02% w/W. 
The follovving two enzymes preparations were from Roche Ltd, UK (DSM): 
3) Roxazyme G2 (liquid): consisting of endo-1,4-p-glucanase, endo-1,3(4)-p- 
glucanase and endo-1,4-p-xylanase With a recommended dosage of 50- 
200ml/tonne of material. 
4) Ronozyme WZ (powder); 
The Cellulase which was used for lab-scale digester 3 experiment was also tested 
in this hydrolysis trial as a comparison. This enzyme preparation was from Fluka 
Biochemika: 
5) Cellulase (powder, off-white): extracted from Aspergillus niger, 1.0 U/mg; (1 U 
corresponds to the amount of enzymes which liberates I pmol glucose from 
carboxymethyll cellulose per minute at pH 5.0 and 370C). The Fluka catalogue 
number is 22180. 
The effective commercial enzyme activity was studied by examining the 
acidification efficiency of enzymatically treated MSW. 
7.4.1 Experiment Procedure 
The experiments were carried out by using a "Jar test" instrument which was the 
same as used in the programme described in chapter 4 (see plate 3.1). The "Jar 
tesf instrument composed of 6 one-litre beakers and 6 two-blade paddle stainless 
steel stirrers. The stirring speed was variable. 
The OFMSW waste from Leicester at 10'YoTS and the digestate from lab-scale 
digester 1 with 4'YoTS were mixed. The concentration of the mixture was around 
7*/oTS. The enzyme dosages used in this trial were higher than their recommended 
dosage to exaggerate the response and to tackle the high fibre contents in the 
MSW. 4g enzymes were added to 400 g of waste mixture in the beaker, i. e. 
dosage was 1% (w/W). Dosage for cellulase was chosen as 0.5% (w/w) 
considering its dosage used in the experiment of the lab-scale digester 3 was low. 
The stirrers were run at 60 revolutions per minute (rpm) to create a well-mixed 
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solution. The beakers were covered by parafilms@ throughout the test period to 
reduce any volatile losses. 
A 24 hour experimental run was conducted at the room temperature of 18 - 20"C. 
pH values for each sample were measured at the beginning, l't, 3 rd ,6 
th, 8th hour 
and at the end of the 24hhour. A control sample was also conducted for 24 hours 
at same conditions but no enzyme addition. Soluble TOC, VSS, TS and VS were 
measured at the start and in the end of experiments for each sample. 
7.4.2 Results and Discussion 
One of the standard indicators pH values was used and data of each sample are 
shown in figure 7.29. The control sample's pH values exhibited a trend of 
continuous increase whilst the other samples with different enzymes showed a slow 
decline. Enzyme addition therefore accelerated the organic acid release from 
particulates based on the indicator pH values observed. 
The slightly raised pH value of control waste sample was different from the results 
from the hydrolysis of food waste described in chapter 4 where pH value of food 
wastes had decreased in ambient conditions without enzyme addition. The results 
in chapter 4 also showed that hydrolysis efficiency might be enhanced or slowed 
down depending on the fibrous nature of the waste. It has also been suggested by 
other researches reviewed in section 2.3.2 that newspaper and garden wastes were 
the hardest to degrade whereas kitchen wastes and office paper were the most 
readily degradable. 
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Figure 7.29 pH trend of enzyme hydrolysis trials for MSW after 24 hrs 
The pH values (figure 7.29) show little change in the first few hours. The results at 
the end of the 24-hour trial indicated that enzyme additions of Celluclast and 
Roxazyme G2 led to the lowest pH values compared with other enzymes additions. 
This result suggested that the microbial ecosystem might need time to adapt to the 
new substrate and the efficiency of enzyme addition depended on the type of 
enzyme, nature of digestate and feeding. 
Table 7.10 shows the performance parameters for each sample after 24 hours. 
More solubilised organic carbon (TOC) were produced in the samples after 24 
hours hydrolysis, compared to the initial data. TOC in all the samples with enzyme 
were 30%-70% higher than that in control sample. Additions of Celluclast and 
Roxazyme G2 generated the highest TOC in the samples. This matched their low 
pH results very well. 
A summary of the properties changed over 24 hours for each of the hydrolysis 
sample are shown in table 7.11. The waste samples with additions of Celluclast 
and Roxazyme G2 showed better performances across all the parameters 
measured. The decrease of total solid (TS) for the samples after 24 hours of 
continuous mixing might reflect the evaporation of VOC, whereas the increase of 
TS concentration might indicate that more water than VOC was evaporated from 
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the samples. The heterogeneous characteristics of the wastes might have 
contributed to the error of operation and measurement results. 
To compare the efficiency of hydrolysis of the six different samples, a rank was 
produced based on the scores of the three parameters as shown in table 7.12. The 
best performance was given 1, the worst was given 6. Therefore the lower the 
scores, the more efficient the enzymes were. 
Table 7.12 shows the results of ranks for the six samples. The first two lowest 
scores were corresponded to enzymes of Celluclast and Roxazyme G2, bear in 
mind that the dosage of cellulose was 0.5% which was half the dosage of other 4 
enzymes. Enzyme of Celluclast, Roxazyme G2 and Cellulase were probably more 
effective than the other two. 
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A new trial was designed to investigate the relation between enzyme dosage and 
hydrolysis rate. Three more active enzymes Celluclast, Roxazyme G2 and cellulase 
were selected with the results from the pre-screening process. The dosage of 0.5%, 
1% and 2% (w/w) were applied to each of the enzymes selected. The experimental 
procedure was the same as before. The solid concentrations of mixture were 7% of 
TS and 4.6% of VS. 
Figure 7.30 shows the change of pH values of the control and three waste mixtures 
with Celluclast additions in three dosage levels. As in the last trial, pH increased in 
the control sample. The increase of pH value might due to the release of carbon 
dioxide or the formation of bicarbonates during the trial. 
9 
8 
cL 6 
5 
4 
0.5% celluclast 
1% celluclast 
2% celluclast 
-control, no enzyme 
05 10 15 20 25 30 
Time (hour) 
Figure 7.30 pH values of three samples with three Celluclast dosages and control 
sample in the new 24-hour hydrolysis trials during. 
The pH values of the celluclast dosages of 0.5%, 1% and 2% were nearly the same 
and follow the same trend (figure 7.30). Similarly different dosage of Roxazyme G2 
didn't cause significant difference on pH values. In figure 7.31, the performances of 
Celluclast and Roxazyme G2 had similar and close trend. The performance of 
cellulase was however better than other two enzymes. The waste mixture with 2% 
cellulase had a lowest pH value of 5.03 after 24 hours hydrolysis. The other two 
waste mixtures with 2% Celluclast and 2% Roxazyme G2 had similar pH value at 
around 5.84. These results suggested that the different enzyme preparations did 
vary in performance in well controlled experiments. 
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Figure 731 pH results for the waste mixtures with three different enzymes but 
same dosage 
The end pH values for the wastes added with Celluclast and Roxazyme G2 were 
around 6 which was same as the previous trial, although the starting pH values of 
wastes were lower in the new trials. 
The hydrolysis and acidification rate can also be revealed by measuring the soluble 
organic carbon in the waste. As shown in figure 7.32, the results of soluble TOC 
from the initial waste sample and the samples after 24 hours' hydrolysis with the 
celluclast dosages of 0% as control, 0.5%, 1% and 2%. The TOC increased 80%, 
100% and 160% after 24 hours hydrolysis corresponding to 0.5%, 1% and 2% 
celluclast dosages. The control sample also had 40% increased of TOC 
concentration, although its pH results did not show an acidification as noted. 
The correlation between the enzyme dosage and soluble TOC obtained in the end 
of the hydrolysis trial are shown in figure 7.33. Basically the higher the dosage rate, 
the more the organic carbon released from particles and the faster the hydrolysis 
process. It confirmed that the correlation between the rate of hydrolysis and the 
enzyme concentrations was linear in the dosages range tested. 
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Figure 7.32 The comparison of soluble TOC before and after 24 hrs hydrolysis 
tests for three samples with different dosage and control 
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Figure 7 33 The correlation between the soluble TOC obtained and different 
enzyme dosages for MS W samples 
Figure 7.33 the Cellulase enzyme showed a faster rate of hydrolysis than the 
enzyme preparations of Celluclast and Roxazyme G2 when the dosage was higher 
than 0.8% (w/w) based on this hydrolysis trial. The TOC increased up to 70%, 
130% and 220% after 24 hours hydrolysis corresponding to 0.5%, 1% and 2% 
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cellulase dosages. It suggested that the cellulase had a better performance in 
these well controlled trial conditions. However these benefits from cellulase 
enzyme additions were not realised in the continuous lab-scale digesters. The 
possible reasons were as follows: 
1) No extra holding time for the mixture waste at the beginning to apply this 
enzyme; 
2) The dosage up to 0.2% (w/W) was still too low for this kind of high fibre content 
wastes; 
3) No mechanical mixing during holding time; 
4) The organic solid concentration of feed was 7% in the lab-scale experiment 
which was higher than 4.6% in the batch trials. 
7.4.3 Summary of the Research of Enzyme Addition 
The enzymes used in these trials were what was conveniently available. Enzymes 
are capable of degrading and modifying cellulose and hemicellulose polymers in a 
two stage process. However, the technical and economic feasibility for the 
application of commercial enzymes to accelerate the digestion of OFMSW need to 
be considered. The cost of the commercial enzymes is not too expensive. NCBE 
as a enzyme supplier (www. ncbe. reading. co. uk) can supply industrial grade 
enzyme for schools and colleges. The costs for some liquid enzyme preparations 
as 100 ml volumes are listed as follows: Alpha-amylase (Termamyffl) E7.5; 
Cellulase (Celluclasffl) E9.5; Carbohydrase mix (ViscozymeTlj C9.5; Protease 
(Neutraseg) E8.5. The cost for the enzyme used in full-scale units could be one 
third of these prices. For example, OPIZYME 101 L as a enzyme complex 
containing a range of carbohydrases and used in a variety of industrial processes is 
E23 per kg (www. eurzyme. com). Alternatively generating the culture of adapted 
bacteria for fibre wastes to be digested will be potentially a competitive economic 
way to be used in practice for long period running. Isolating the microorganisms 
from the feed wastes and growing them in the controlled nutrient medium could be 
economic and feasible. For instance, Hasegawa et al. (2000) reported a 50% 
improvement in biogas yields when sewage sludge was solubilised under slightly 
thermophilic aerobic conditions prior to anaerobic digestion. They suggested that 
thermophilic aerobic bacteria secreted external enzymes which dissolved sludge 
more actively than commercial proteinase. 
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Monsal Engineering are marketing a commercial process called enzyme hydrolysis 
(Monsal news 14/11/2006, www. monsal. com). This is a two stage process with 
anaerobic thermophilic pretreatment, so supplementary or commercial enzymes are 
needed to get the improvements in digestion. The reported work however does not 
use well controlled methods to differentiate between the thermal and enzyme 
effects. 
Basically TOC may be a better and direct indicator for hydrolysis trial. pH as 
indicator could reflect the acidification in some hydrolysis cases, but in other 
hydrolysis tests pH may only be an indirect indicator where significant buffer 
capacity existed, because pH was a complex product formed by acids 
concentration, the exchange of NI-13 and C02 concentration. 
Screening tests normally require simpler apparatus and could allow data collection 
in shorter times. Enzyme screening tests prior to the simulation lab-scale digester 
experiments might produce better results. For example the temperature is an 
important factor for the hydrolysis process and generally optimum temperatures for 
most hydrolytic enzymes range between 37-60*C (section 2.3.1.3). Enzyme 
temperature screening of the commercial preparations, which was not conducted, 
could affect or bias the experimental results. Further deeper studies on the choice 
of the suitable commercial enzyme under optimum temperature conditions are 
needed. 
244 
Chapter 8 
Chapter 8 
Conclusions 
This chapter presents the conclusions of the research presented in the previous 
chapters in relation to the aims stated in chapter one. In addition, recommendations 
for further research are followed in section 8.2. 
8.1 CONCLUSIONS 
8.1 .1 Hydrolysis of Food Waste (see chapter 4) 
It was summarised from the literature review that solids hydrolysis was the rate- 
limiting step of anaerobic degradation processes. Therefore various potential 
improvements to the efficiency of the simper wet hydrolytic process were 
investigated with the following conclusions. 
Hydrolysis is mainly enzymic, the culture used and its optimum temperature are 
very important (see sections 4.1.1 and 4.2.3). 
The rate of VFA acid-formation was improved up to a maximum temperature 
45*C. Above this temperature there were delays and inhibitions while the 
culture tried to adapt to these high temperatures. Benefits from thermophilic 
treatment are not so easily achieved and temperature for pasteurisation should 
be increased slowly over 24 hours (see section 4.1.1) 
The higher contents of TS & VS samples up to 14% TS, the greater and faster 
the production of VFA during hydrolysis (see sections 4.1.2 and 4.1.3). 
High temperatures and vigorous stirring may promote losses of VFA, VOC and 
water by evaporation (see section 4.2.1.1). 
Specific enzymes can promote the solubilisation of complex macromolecules, 
e. g. amylase for starch in the real food waste, but mixtures of enzymes may be 
necessary for more complex general municipal wastes (see section 4.2.2.2). 
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Temperature, waste composition and type of inoculum were shown statistically 
to have effects in the multicomponent hydrolysis screening trials (see section 
4.2.2). 
There were important differences between the real and synthetic wastes 
reflecting the fibre content. Careful assessment of the fibre content and mixing 
characteristics will be needed using non conventional test methods (see 
sections 4.2.1,4.2.2 and 4.1.3). 
8.1.2 Combined Digestion of Industrial, Municipal Waste and 
Sewage Sludge (see chapter 5) 
Codigestion was used to aid hydrolysis and digestion and co-substrates of coffee 
waste, fruit and vegetable wastes and garden wastes with sewage sludge were 
investigated. The main conclusions were below. 
This work confirmed the potential of utilising coffee waste and fruit and 
vegetable waste as the co-cligestion feedstocks, because coffee waste and fruit 
and vegetable wastes are highly biodegradable and can promote the activity, 
biogas production and mixing of the whole codigestion process (see sections 
5.1.2 and 5.2.2). 
Coffee wastes caused no treatability problems up to 37.5% of total volume feed 
per day when the HRT was reduced to 9 days. The results support the view 
that dilute biodegradable streams such as coffee waste may improve digestion 
by promoting better mixing (see section 5.1.2) . 
Waste containing high lignin content was not as successful as a co-substrate 
because of low biodegradability of cellulose and lignocellulose, the 
accumulation of lignin fibres, reduced mixing and ultimately instability occurred. 
The reason was because working volume was reduced and hydraulic 
overloading happened. The codigestion could not enhance the degradation of 
the waste which has predominately cellulose and lignocellulose content (see 
section 5.2.1). 
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8.1.3 Combined Digestion of Sewage Sludge and Refuse 
Hydrolysate (see chapter 6) 
Codigestion of refuse hydrolysate and sewage sludge resulted in substantial 
increases in the levels of organic matter destruction and biogas generation. The 
main conclusions of the experimental co-digestion trials were: 
Retention time was reduced to ten days from the normal 15 days and there 
were no adverse effects on the digestion process from adding the 
hydrolysed refuse (see section 6.3.2). 
The major issue encountered was the variability in the raw sewage sludge, 
both the composition and characteristics of the primary sludge was shown to 
vary widely, and the condition of the secondary sludge was also variable 
depending on the process performance of the main treatment system. Such 
fluctuations regularly occur in full-scale plants and will affect predictions of 
the co-digester performance (see sections 6.3.1 and 6.3.3). 
Measurements on Ripley's Ratio (alkalinity) have indicated no extra 
accumulated concentrations of VFA and gas production was increased in 
proportion to the extra load from the hydrolysed refuse. Gas enhancement 
and extra production was associated with an overall increase in the 
biodegradability of the waste mixture (see sections 6.3.4 and 6.3.3). 
Ripley's Ratio could be recommended as an effective stress indicator of 
stability when combined with solids removal to monitor anaerobic process. 
Ripley's Ratio was shown to rapidly reflect the change of digestion 
conditions. Ripley's Ratio was also easily and conveniently measured 
compared to VFA measurements for solids anaerobic digestion (see section 
6.3.4). 
Mixing refuse hydrolysate with sewage sludge at OLRs of up to 5 kg 
VS/m3/d produced no detrimental effects, potential problem of heavy metals 
as an indicator of the process in the exit sludge quality were not increased 
(see section 6.4.1). 
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Dewaterability of both the control and experimental co-digester deteriorated 
as the OLR increased to 5 kg VS/m3/d. The co-digester performed better 
probably because of dilution from addition of hydrolysate. The soluble 
organic carbon in the treated separated sludge was lower in the 
experimental compared to the control sewage sludge (see sections 6.4.2 
and 6.3.6). 
8.1.4 OFMSW Digestion (see chapter 7) 
Biogas production was shown to be related to the quality of the treated materials to 
be treated. If the substrates were pre-separated OFMSW or food and vegetables 
residues, the specific biogas showed up to 1.2 - 1.4 m3ftVSremoved. However 
mechanically separated MSW to concentrate the organic fraction is more 
heterogeneous and influences the characteristics of wastes. The main conclusions 
of the research were: 
Previous work has suggested that feedstock solids contents less than 15% can 
be considered as wet digestion and traditional mixing used. The research 
reported here has indicated a better characterization of feedstock is needed 
since the fibre content can interfere with mixing, particularly as has been 
indicated if the fibres reform around the stirrer (see sections 7.2 and 7.3). 
The research showed that the digesters were inhibited by the high solid content 
of feedstock at around 15% due to the fibre accumulation, stratification and poor 
mixing (see section 7.3.1.3). 
A decrease to 10% solid content of feedstock was necessary to achieve steady 
state operation. The specific biogas yield between 0.7 - 0.9 M3/kgVSromoved was 
achieved with the VS removal around 50% (see sections 7.3.1.5 and 7.3.2.5). 
It was suggested that wastes with significant amounts of fibre, straw paper etc. 
would benefit from separate hydrolysis. The full scale plant built did have two 
stages with microaerophilic hydrolysis and anaerobic digestion, but there was 
no significant difference between the anaerobic digestion of hydrolysates and 
raw OFMSW. The hydrolysis process of separated OFMSW needs more 
investigation. The experiments tested in the laboratory at lower suspended and 
total solids works much better (see sections 7.3.1.5,7.3.2.5 and 7.3.3.3). 
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MSW represents an important European problem and anaerobic digestion will 
be able to deal with some of this material. The gate fees will thus be an 
important benefit influencing the economics. 
* The research offers a template for other UK Waste Disposal Authorities and 
Utilities but care is needed over the solids loading. 
8.1.5 Overall Conclusions 
The laboratory experiments carried out over a different range of potential organic 
wastes have indicated that coffee waste and food wastes with high biodegradability 
have the greatest and easiest potential to increase biogas production during 
codigestion with sewage sludge and other high solids wastes. Catering and retail 
food waste will only need pulverisation assuming the inerts (typically plastic and 
glass) can be separated at source. 
Similarly prehydrolysed OFMSW by elutriation and mixing With sewage sludge can 
also be treated with beneficial effects on codigestion. The major problem identified 
by the study in this area has been the variability of the sewage sludge. Raw 
sewage sludge characteristics are also very variable and different characterization 
techniques to assess the nature of the solids will be necessary. Direct dry MSW 
and high solids hydrolysate contain too much suspended solid. Analysis of TSNS 
has been shown to be inadequate to judge ultimate gasification which depends 
more on fibre content and mixing. 
Two stage digestion with separation of hydrolysis and solubilisation will benefit 
codigestion. Difficult fibrous wastes can then be kept out of the digester. The 
hydrolysis experiments have suggested that mesophilic temperatures at 10-15% 
DS with a strongly active inoculum produce the best rates of VFA production. The 
full scale results however indicate as noted that the standard tests are insensitive to 
the more subtle characteristics of solids wastes specifically fibre content, particle 
size and hydrophobicity. A new range of tests and design procedures will be 
needed. Rational design must depend on both advances in basic science and 
accumulated operating experience and, ultimately, this takes time. 
The work of MSW digestion (in chapter 7) shows that there is an upper and lower 
limit to the solids content of digesters. Wet digestion with traditional mixing pattern 
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can not work properly for the solids contents of feed higher than 150/oTS. This 
upper limits is a function of extent of the pretreatment, i. e. fibre content. Therefore 
it could be concluded that the higher dilution (from Herten, Germany) hydrolysate 
(chapter 6) with co-digestion process would be much better than the simple direct 
(no elutriation) hydrolysis of the whole OFMSW (Wanlip, Leicester, see chapter 7). 
The elutriation process may also reduce the criticisms associated with residual 
persistent pollutants. Elutriated hydrolysate of OFMSW can dilute feeds, improve 
mixing and prevent interference from solid fibrous wastes. The experimental results 
obtained from the high dilution MSW hydrolysate (Herten, Germany) with co- 
digestion process were better than those obtained from simple direct hydrolysis of 
the whole OFMSW (Wanlip, Leicester), in terms of VSR, SGY and HRT, 
8.2 RECOMMENDATIONS FOR FURTHER RESEARCH 
8.2.1 Hydrolysis of Food Waste 
Carrying out the food waste hydrolysis experiments with cellulase addition 
instead of or in combination with amylase to better indicate cost effectiveness; 
Carrying out well controlled continuous aeration tests with better measurements 
of VOC losses. 
Analysing PSD experiments to determine the influence of size changes on 
hydrolysis, and analysis of fibre. 
8.2.2 Combined Digestion of Sewage Sludge and Refuse 
Hydrolysate 
Gas analysis is required to confirm digester stability during codigestion 
experiments; 
More analysis for metals and persistent organics are necessary on the sewage 
sludges and MSW co-substrates; 
Iron dosing for P removal and engine protection at STW are likely to be required 
in future and tests on increasing the iron concentrations in the laboratory 
digesters will be necessary. 
More work on the different methods of hydrolysis (wet and dry) are necessary. 
The performance of the control digester was less than expected and reported 
from the full scale digesters. Sample ageing, and variability are the most likely 
cause. More frequent sampling will be necessary. 
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8.2.3 OFMSW DIGESTION 
Further performance analysis on a range of hydrolysis processes are still 
needed. Aerobic and microaerobic hydrolysis is being actively promoted but 
poor results were obtained in this research at high solids (see sections 7.3.3.3 
and 7.3.4) and should be investigated further; 
Tests on adapted cultures from OFMSW reactors could be compared with 
standard sewage sludge to see if there is any benefit to digestion and an 
increase of biodegradability. Additionally other suitable enzyme preparations 
should be assessed as they become available; 
Further research is needed to improve the mixing by adding more dilute and 
biodegradable waste to see if this improves enzyme performance; 
The research reported has indicated that the fibre content and composition of 
OFMSW is an important factor in degradation, further simpler and more 
sophisticated analysis of fibre is needed to have better models of fibre 
degradation rates; 
It is known for example that tissue paper (toilet tissue) degrades well in 
anaerobic digestion (sewage treatment), therefore a plan of well controlled 
experiments to treat different types of paper and analyse their cellulose and 
lignocellulose contents would be useful; 
New and novel methods of reduce fibre particle sizes should be tested. 
Potential examples are ultrasound, cavitation and super oxidation; 
Further work is needed to develop and improve understanding of digester 
rheology and waste viscosity to ensure good mixing. 
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APPENDIX A Hydrolysis Experiments 
A. 1 A detail composition of food waste samples and conditions 
of test of total 32 hydrolysis tests was shown below: 
Test 1: 22"C ambient, mechanical stir (80rpm), 400 ml mixture of the synthetic food 
waste and the supernatant of the digestate, adding enzyme; 
Test 2: 22T ambient, mechanical stir (80rpm), 400 ml mixture of the synthetic food 
waste and the supernatant of the digestate, non enzyme; 
Test 3: 220C ambient, mechanical stir (80rpm), 400 ml mixture of the real food 
waste and the supernatant of the digestate, adding enzyme; 
Test 4: 220C ambient, mechanical stir (80rpm), 400 ml mixture of the real food 
waste and the supernatant of the digestate, non enzyme; 
Test 5: 220C ambient, mechanical stir (80rpm), 400 ml mixture of the synthetic food 
waste and tap water, adding enzyme; 
Test 6: 22"C ambient, mechanical stir (80rpm), 400 ml mixture of the synthetic food 
waste and tap water, non enzyme; 
Test 7: 22*C ambient, mechanical stir (80rpm), 400 ml mixture of the real food 
waste and tap water, adding enzyme; 
Test 8: 220C ambient, mechanical stir (80rpm), 400 ml mixture of the real food 
waste and tap water, non enzyme; 
Test 9: 220C ambient, non-mechanical stir, 400 ml mixture of the synthetic food 
waste and supernatant of the digestate, adding enzyme; 
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Test 10: 22"C ambient, non-mechanical stir, 400 ml mixture of the synthetic food 
waste and supernatant of the digestate, non enzyme; 
Test 11: 22"C ambient, non-mechanical stir, 400 ml mixture of the real food waste 
and the supernatant of the digestate, adding enzyme; 
Test 12: 22*C ambient, non-mechanical stir, 400 ml mixture of the real food waste 
and the supernatant of the digestate, non enzyme; 
Test 13: 220C ambient non-mechanical stir, 400 ml mixture of the synthetic food 
waste and tap water, adding enzyme; 
Test 14: 22"C ambient, non-mechanical stir, 400 ml mixture of the synthetic food 
waste and tap water, non enzyme; 
Test 15: 220C ambient, non-mechanical stir, 400 ml mixture of the real food waste 
and tap water, adding enzyme; 
Test 16: 220C ambient, non-mechanical stir, 400 ml mixture of the real food waste 
and tap water, non enzyme; 
Test 17: 350C, mechanical stir (80rpm), 400 ml mixture of the synthetic food waste 
and supernatant of the digestate, adding enzyme; 
Test 18: 350C, mechanical stir (80rPM), 400 ml mixture of the synthetic food waste 
and supernatant of the digestate, non enzyme; 
Test 19: 350C, mechanical stir (80rpm), 400 ml mixture of the real food waste and 
the supernatant of the digestate, adding enzyme; 
Test 20: 35"C, mechanical stir (80rpm), 400 ml mixture of the real food waste and 
the supernatant of the digestate, non enzyme; 
Test 21: 350C, mechanical stir (80rpm), 400 ml mixture of the synthetic food waste 
and tap water, adding enzyme; 
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Test 22: 350C, mechanical stir (BOrpm), 400 ml mixture of the synthetic food waste 
and tap water, non enzyme; 
Test 23: 35"C, mechanical stir (80rpm), 400 ml mixture of the real food waste and 
tap water, adding enzyme; 
Test 24: 350C, mechanical stir (80rpm), 400 ml mixture of the real food waste and 
tap water, non enzyme; 
Test 25: 350C, non-mechanical stir, 400 ml mixture of the synthetic food waste and 
supernatant of the digestate, adding enzyme; 
Test 26: 35"C, non-mechanical stir, 400 ml mixture of the synthetic food waste and 
supernatant of the digestate, non enzyme; 
Test 27: 3511C, non-mechanical stir, 400 ml mixture of the real food waste and the 
supernatant of the digestate, adding enzyme; 
Test 28: 350C, non-mechanical stir, 400 ml mixture of the real food waste and the 
supernatant of the digestate, non enzyme; 
Test 29: 37"C, non-mechanical stir, 400 ml mixture of the synthetic food waste and 
tap water, adding enzyme; 
Test 30: 350C, non-mechanical stir, 400 ml mixture of the synthetic food waste and 
tap water, non enzyme; 
Test 31: 35"C, non-mechanical stir, 400 ml mixture of the real food waste and tap 
water, adding enzyme; 
Test 32: 35"C, non-mechanical stir, 400 ml mixture of the real food waste and tap 
water, non enzyme. 
The following figure A. 1 showed schematic chart of this 25 factorial experiment 
design. 
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T= 22C 
I Syntbetic I[ Real Waste II Nyntncitc II Mat waste I 
Enn-me Non-to4vule Ennnic Noo-emxyw Enzvine Non-enzyme Enzyme Non-enzyme 
T17 T)g T19 T20 T21 T22 T23 T24 
Figure A. 1A summary of the 25 factorial experiment design 
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Appendices 
A. 2 SPSS Programme used for analysis of data in hydrolysis 
experiment - UNIANOVA Command Syntax 
Click See Also above for Help on the GLM - General Factorial dialog box, which 
provides access to the functionality of this command. 
UNIANOVA dependent var 
[BY factor list [WITH covariate list]] 
[MSFACTOR=name levels[[DEVIATION[(refcat)] name... 
(SIMPLE [(refcat)] 
(DIFFERENCE 
[HELMERT 
(REPEATED 
(POLYNOMIAL [([1,2,3... 
I (metric }) 
{SPECIAL (matrix) 
[/MEASURE=newname newname 
[MSDESIGN=effect effect ... ]t 
[/RANDOM=factor factor... 
VREGWGT=varname] 
[/METHOD=SSTYPE([l 
{2 
[3**} 
[4 } 
(ANTERCEPT=[INCLUDE**] [EXCLUDE] 
VMISSING=[INCLUDE] [EXCLUDE**]] 
[/CRITERIA=[EPS(fl E-8**})][ALPHA([0.05**}) I 
[a } [a } 
VPRINT =[DESCRIPTIVE] [HOMOGENEITY] [PARAMETER][ETASO] 
[GEF] [LOF] [OPOWER] [TEST [QLMATRIX1 [MMATRIX])] ] 
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VPLOT=[SPREADLEVELI [RESIDUALS) 
[PROFILE (factor factor*factor factor*factor*factor 
VTEST=effect VS [linear combination [DF(df)])] 
[value DF (dQ 
[/LMATRIX=[["IabeI"] effect list effect list ... 
flolabel"] effect list effect list... 
flulabel"] ALL list; ALL... 
flnlabelo] ALL list 
[/CONTRAST (factor name)=[DEVIATION[(refcat)]** 
{SIMPLE [(refcat)] 
{DIFFERENCE 
{HELMERT 
{REPEATED 
(POLYNOMIAL [((1,2,3... ))]j 
{metric )) 
{SPECIAL (matrix) 
[/MMATRIX= fl"label"] depvar value depvar value ...; ["label"] 
ff"label"] depvar value depvar value ... 
ff"label"] ALL list; ["label"] ... 
ff"label"] ALL list 
[/KMATRIX= {list of numbers 
[list of numbers; ... ) 
[/POSTHOC =effect effect ... ([SNK] [TUKEY] CBTUKEY][DUNCAN] 
[SCHEFFE] [DUNNETT(refcat)] (DUNNETTL(refcat)] 
[DUNN ETTR(refcat)] [BONFERRONQ [LSD] (SIDAKI 
[GT2] [GABRIEL] [FREGW] [C)REGW] [T2] [T3] [GHI[C] 
[WALLER ({I 00** J)]] 
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(kratio) 
[VS effect] 
VEMMEANS=TABLES([OVERALL 
[factor 
(factor*factor... 
{wsfactor 
jwsfactor*wsfactor ... I [factor* ... wsfactor* ... } WITH (covariate=MEAN covariate=MEAN) 
COMPARE ADJ (LSD) 
(BONFERRONI) 
(SIDAK) 
[/SAVE=[tempvar [(list of names)]] [tempvar [(list of names)]] 
[/OUTFILE=[{COVB (file))] 
(CORB (file)} 
[/DESIGN=[[INTERCEPT.. 
fleffect effect.. ]) 
APPENDIX B Combined Anaerobic Digestion of Sewage 
Sludge and Pretreated Refuse 
Table B-1 is the measurement of PTE of each German refuse hydrolysate. The 
average values of each PTE contents of the four refuse hydrolysate samples are 
shown in table 6.12 of chapter 6. 
Table B- 1 Metal concentrations for the German hydrolysate (mg1kg DS) 
rime December March July October 
PTEs Sample 1 Sample 2 Sample 3 Sample 4 Average 
Cd 0.8 0.3 0.6 0.5 a55. t a2l 
Cr 24.5 10.3 22.3 12.9 17.5. t 6.95 
Cu 20.8 6.9 36.7 15.4 19-95 -t 12.5 
Fe 6.9 x 103 4.0 x 103 
9.1 X 103 5.1 X 103 (6-3. t 2.2) x103 
Pb 21.5 9.2 42.6 20.2 23.4. t 13.9 
Zn 219 101.3 257.7 132.2 177.6. t 73.1 
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VIDEO CD DVD TAPE CASSETTE 
  (control A) (experimental B)
HRT 
(days)
time 
(days)
VS of feed 
(kg/m3)
VS of 
digestate A
VS of mixed waste feed 
(g/day)
VS of digestate B    
(g/l)
15 0 35.104 16.1 24.844 16.554
15 1 35.104 15.924 24.844 16.598
15 2 35.104 16.396 24.844 17.298
15 3 35.104 16.296 24.844 16.608
15 7 35.104 15.936 24.844 17.218
15 8 35.104 24.844
15 9 35.104 15.436 24.844 16.902
15 10 35.104 15.75 24.844 17.534
15 11 35.104 15.414 24.844 16.97
15 14 35.104 15.832 24.844 17.326
15 15 35.104 15.924 24.844 16.254
15 16 35.104 16.914 24.844 18.006
15 17 35.104 16.568 24.844 18.126
15 18 43.602 15.096 28.498 17.218
15 21 43.602 15.57 28.498 16.998
15 22 43.602 16.124 28.498 17.602
15 24 43.602 16.352 28.498 17.804
15 28 43.602 15.698 28.498 17.672
15 37 42.512 15.832 36.632 18.316
15 43 42.512 36.632
15 44 42.512 16.148 36.632 17.492
12 77 29.758 15.156 31.515 17.576
12 80 29.758 15.592 31.515 18.224
12 82 29.758 14.956 31.515 17.728
12 83 29.758 15.464 31.515 18.992
12 84 29.758 15.384 31.515 18.8
12 85 29.758 15.16 31.515 18.796
12 86 29.758 14.784 31.515 18.576
12 89 29.758 14.56 31.515 19.224
12 90 29.758 14.768 31.515 19.004
12 91 29.758 14.856 31.515 19.652
12 92 29.758 14.8 31.515 19.5
12 96 26.678 14.916 30.190 19.532
12 98 26.678 14.51 30.190 19.8
12 99 26.678 14.182 30.190 20.136
12 103 26.678 13.984 30.190 20.332
12 105 26.678 13.624 30.190 20.218
12 106 25.536 13.98 29.699 19.932
12 111 25.536 13.616 29.699 20.536
12 124 25.536 13.79 29.699 21.756
12 125 25.536 13.672 29.699 21.766
12 126 42.346 13.6 36.928 22.422
12 127 42.346 13.94 36.928 22.85
12 128 42.346 13.7 36.928 22.6
12 131 42.346 13.3747 36.928 22.24
12 137 42.346 12.32 36.928 20.782
12 159 42.374 16.546 36.940 23.512
12 160 42.374 19 36.940 23.427
         VS measurement of control A and experimental B from experiment of 
codigestion of hydrolysed refuse and sewage sludge
  (control A) (experimental B)
HRT 
(days)
time 
(days)
VS of feed 
(kg/m3)
VS of 
digestate A
VS of mixed waste feed 
(g/day)
VS of digestate B    
(g/l)
         VS measurement of control A and experimental B from experiment of 
codigestion of hydrolysed refuse and sewage sludge
12 161 42.374 18.578 36.940 23.602
12 162 42.374 18.704 36.940 23.378
12 166 36.816 18.96 34.550 23.704
12 167 36.816 19.8 34.550 24.012
12 168 36.816 21.93 34.550 25.326
12 169 36.426 20.066 34.382 26.97
12 173 36.426 20.506 34.382 25.642
12 174 36.426 20.794 34.382 25.874
12 175 36.426 21.624 34.382 26.06
12 176 36.426 21.6 34.382 26.4
12 177 42.284 21.8 36.901 26.9
12 181 42.284 21.4 36.901 27.1
12 187 42.284 22.086 43.478 28.582
12 188 50.52 22.55 47.020 29.584
12 189 50.52 23.644 47.020 30.484
12 190 50.52 24.234 47.020 29.542
12 192 47.614 24.1 45.770 29.8
12 194 47.614 23.82 45.770 30.662
12 195 47.614 23.7 45.770 30.2
12 196 56.908 23.5 49.766 29.4
12 203 56.908 24.204 49.766 28.472
12 204 56.908 24.3 49.766 28.9
12 208 47.6 24.81 45.764 29.14
12 209 47.6 24.736 45.764 29.76
12 210 47.6 24.004 45.764 30.124
12 211 47.6 23.156 45.764 29.836
12 212 45.246 23.666 44.752 29.52
12 213 45.246 23.976 44.752 30.216
12 219 50.69 24.118 47.093 30.478
12 222 50.69 23.632 47.093 29.672
12 228 43.824 25.326 44.140 31.584
12 229 43.824 24.172 44.140 31.236
12 233 49.55 24.52 46.603 29.902
12 234 49.55 25.048 46.603 31.492
12 235 49.55 24.084 46.603 33.052
12 242 66.1 23.916 53.719 32.484
12 247 64.73 25.29 53.130 32.926
12 248 64.73 27.332 53.130 35.328
10 255 47.06 26.256 54.510 34.454
10 256 47.06 25.708 54.510 35.726
10 261 37.81 24.86 49.700 30.108
10 262 37.81 24.94 49.700 32.12
10 268 37.68 22.44 34.866 26.7
10 275 42.1 21.86 37.164 26.716
10 276 42 23.248 37.112 27.268
10 277 42 21.98 37.112 25.9
10 282 45.2 21.018 38.776 25.874
10 283 45.2 21.29 38.776 26.588
  (control A) (experimental B)
HRT 
(days)
time 
(days)
VS of feed 
(kg/m3)
VS of 
digestate A
VS of mixed waste feed 
(g/day)
VS of digestate B    
(g/l)
         VS measurement of control A and experimental B from experiment of 
codigestion of hydrolysed refuse and sewage sludge
10 284 45.2 21.09 38.776 26.2
10 327 26.37 16.69 28.985 20.101
10 332 26.37 16.22 28.985 19.746
10 26.37 16.1 28.985 19.9
10 337 30.86 15.886 31.319 21.784
10 338 30.86 15.786 31.319 20.791
10 339 30.86 15.847 31.319 20.561
10 344 30.86 15.208 31.319 19.396
10 345 33.5 15.501 32.692 19.606
10 354 33.5 14.122 32.692 18.746
10 360 33.86 13.466 33.323 18.658
10 361 33.86 13.45 33.323 18.651
10 365 33.86 14.9 33.323 18.994
10 31.61 14.1 32.310 19
10 378 33.65 14.214 40.037 19.47
10 379 33.65 14.246 40.037 19.51
10 380 33.65 14.976 40.037 21.356
10 381 33.65 15.348 40.037 21.592
10 382 33.65 13.981 40.037 21.406
10 386 26.69 13.932 36.905 21.7
control A Experimental B
time (day)
feed of A                    
VS (kg/m3)
digestate A VS 
(kg/m3) compost VS
 mixed feed for B 
VS (kg/m3)
digestate B 
VS (kg/m3)
1 34.75 17.30 18.5% 47.73 17.612
2 34.75 17.62 55 g added/day 47.73 20.177
3 34.75 17.07 with 0.6 L sewage 47.73 20.094
4 34.75 17.70 sludge to digester B 47.73 21.581
9 34.75 17.26 47.73 23.688
10 34.75 18.58 47.73 24.422
11 34.75 17.74 47.73 25.246
17 29.20 16.79 42.61 25.46
22 29.20 17.42 42.61 27.688
23 29.20 17.78 42.61 27.406
24 29.20 18.22 42.61 27.766
25 29.20 18.03 42.61 28.102
31 29.20 17.54 42.61 28.137
36 29.20 17.40 42.61 28.134
46 29.20 17.33 42.61 29.07
50 29.20 16.61 42.61 29.1
51 36.59 18.37 49.43 31.53
52 36.59 18.50 49.43 32.08
53 38.86 18.21 51.52 32.16
54 37.06 18.14 49.86 32.59
57 37.06 18.88 49.86 32.45
58 37.06 17.46 49.86 30.06
59 37.06 18.46 49.86 33.45
60 37.06 19.85 49.86 34.36
64 37.06 19.52 49.86 34.044
66 37.06 19.87 49.86 33.33
74 38.86 18.70 51.52 33.404
VS measurement of feeds and digestates for control A and experimental B of 
codigestion of compost and sewage sludge 
time (days)
sludge feed  to 
control A VS 
(g/L)
coffee volume 
added to 
experimental B
Coffee 
waste      VS 
(g/L)
experimental  B 
VS (g/L)
VS of 
digestate A 
(g/L)
VS of 
digestate B 
(g/L)
HRT-
control A
HRT-
digester B
109
110 55.276 120ml coffee 7.666 47.34 15 12.5
111 55.276 120ml coffee 47.34 19.454 17.37 15 12.5
112 37.152 120ml coffee 32.24 19.846 17.326 15 12.5
113 37.152 120ml coffee 32.24 19.566 16.924 15 12.5
114 37.152 120ml coffee 32.24 19.642 17.03 15 12.5
117 37.152 240ml coffee 28.73 18.372 16.298 15 10.7
118 23.156 240ml coffee 18.73 18.516 16.164 15 10.7
121 23.156 240ml coffee 18.73 18.096 15.316 15 10.7
122 23.156 240ml coffee 18.73 18.138 15.182 15 10.7
124 23.156 360ml coffee 17.35 16.744 14.652 15 9.4
125 23.156 360ml coffee 17.35 17.002 14.228 15 9.4
127 39.318 360ml coffee 27.45 16.598 14.196 15 9.4
128 39.318 360ml coffee 27.45 17.152 14.172 15 9.4
129 39.318 360ml coffee 27.45 17.562 14.89 15 9.4
130 39.318 360ml coffee 27.45 17.82 14.238 15 9.4
131 17.228 360ml coffee 13.64 17.8 14.512 15 9.4
133 17.228 360ml coffee 13.64 17.662 14.236 15 9.4
135 17.228 360ml coffee 13.64 17.554 14.116 15 9.4
138 17.228 360ml coffee 13.64 17.184 13.53 15 9.4
139 17.228 360ml coffee 13.64 16.058 12.694 15 9.4
VS measurement from Control A and Experimental B for 
codigestion of coffee waste and sewage sludge  
Hydrolysis test 1: pH measured at temperatures (4.5, 21, 35°C)
time (hours) pH (4.5°C) pH (21°C) pH (35°C) waste samp le
0 7.46 7.46 7.46 TS 4.5%
24 7.14 6.25 5.4 VS 3.9%
48 6.99 6.13 4.84
72 6.84 5.9 4.8
96 6.8 5.67 4.64
Hydrolysis test 2: pH measured at high temperatures 
time (hours) pH (40-44°C) pH (50°C) pH (60°C) waste samples 
0 7.46 7.46 7.46 TS 1.9%
3 7.2 7.1 7.1 VS 1.7%
5 6.8 7.10 7.1
6.5 6.6 7.1 7.2
23 5.7 7.1 7.8
25 5.6 7.2 7.7
27.5 5.6 7.2 7.7
29.5 5.5 7.1 7.8
48 5.5 5.3 7.9
51 5.6 5.3 8.0
57 5.7 5.25 8.0
72.5 5.75 5.3 8.1
Hydrolysis test 3: The effect of solid contents on hydrolysis rate (02-May-2004)
temperature pH mesured sample 1 sample 2 sample 3 sample 4 02-Mar-04
35°C time (hours) pH (VS=3.75%) pH (VS= 3.27%) pH (VS= 2.5%) pH (VS= 1.35%) waste samples TS VS 
0 7.2 7.28 7.44 7.52 1 4.10% 3.75%
3.5 6.6 6.8 6.8 7.2 2 3.60% 3.27%
8.0 6.3 6.4 6.5 6.9 3 2.80% 2.50%
18.0 6 6.3 6.5 6.8 4 1.50% 1.35%
21.25 5.9 6.2 6.4 6.7
25.5 5.9 6.2 6.4 6.7
42.5 5.4 5.9 6 6.8
48.8 5.4 5.9 5.9 6.8
temperature pH mesured sample 1 sample 2 sample 3 sample 4
40°C time (hours) pH (VS= 3.75%) pH (VS= 3.27%) pH (VS= 2.5%) pH (VS= 1.35%)
0 7.2 7.28 7.44 7.52
3.75 6.6 6.8 7.0 7.5
8.25 6.2 6.5 6.7 7.1
17.5 5.6 6.0 6.3 6.7
21.0 5.6 6.0 6.3 6.6
25.75 5.5 6.0 6.3 6.5
42.75 5.5 6.0 6.1 6.7
49.0 5.5 5.7 5.9 6.9
Hydrolysis test 4: effect of mechanical stirring on hydrolysis process (15-Apr.-2004)
strring speed 80 rpm temperature 20- 22°C
waste samples TS
1 3.4%
2 5.6%
3 8.3%
4 11.6%
5 15.0%
pH value sample 1 sample 2 sample 3 sample 4 sample 5
Time (hour) pH (TS= 3.4%) pH (TS =5.6%) pH (TS= 8.3%) Time (hour) pH (VS=11.6%) pH (VS =15%)
0 7.4 7.6 7.6 0.0 7.1 7.1
2.0 7.2 6.8 6.8 16.0 4.7 4.7
5.5 7.05 6.35 6.2 18.5 4.6 4.7
18.5 6.7 5.9 5.5 23.5 4.5 4.5
21.5 6.6 5.8 5.5 41.0 4.3 4.3
25.5 6.4 5.6 5.3 48.0 4.25 4.25
29.50 6.2 5.5 5.1
42.5 5.7 5.3 4.85
48.0 5.65 5.2 4.75
52.5 5.6 5.2 4.7
time (days)
sludge feed  to 
control A VS 
(g/L)
coffee volume 
added to 
experimental B
Coffee 
waste      VS 
(g/L)
experimental  B 
VS (g/L)
VS of 
digestate A 
(g/L)
VS of 
digestate B 
(g/L)
HRT-
control A
HRT-
digester B
109
110 55.276 120ml coffee 7.666 47.34 15 12.5
111 55.276 120ml coffee 47.34 19.454 17.37 15 12.5
112 37.152 120ml coffee 32.24 19.846 17.326 15 12.5
113 37.152 120ml coffee 32.24 19.566 16.924 15 12.5
114 37.152 120ml coffee 32.24 19.642 17.03 15 12.5
117 37.152 240ml coffee 28.73 18.372 16.298 15 10.7
118 23.156 240ml coffee 18.73 18.516 16.164 15 10.7
121 23.156 240ml coffee 18.73 18.096 15.316 15 10.7
122 23.156 240ml coffee 18.73 18.138 15.182 15 10.7
124 23.156 360ml coffee 17.35 16.744 14.652 15 9.4
125 23.156 360ml coffee 17.35 17.002 14.228 15 9.4
127 39.318 360ml coffee 27.45 16.598 14.196 15 9.4
128 39.318 360ml coffee 27.45 17.152 14.172 15 9.4
129 39.318 360ml coffee 27.45 17.562 14.89 15 9.4
130 39.318 360ml coffee 27.45 17.82 14.238 15 9.4
131 17.228 360ml coffee 13.64 17.8 14.512 15 9.4
133 17.228 360ml coffee 13.64 17.662 14.236 15 9.4
135 17.228 360ml coffee 13.64 17.554 14.116 15 9.4
138 17.228 360ml coffee 13.64 17.184 13.53 15 9.4
139 17.228 360ml coffee 13.64 16.058 12.694 15 9.4
VS measurement from Control A and Experimental B for 
codigestion of coffee waste and sewage sludge  
MSW digestion 
time 
(days)
volume of HCl (ml) used 
at pH=5.75   (A)
volume of HCl (ml) 
used at pH=4.3   (A') B=A'- A
Ripley's ratio of digestate 1 
(B/A)
19 8.9 12.7 3.8 0.427
23 7.0 10.1 3.1 0.443
24 8.2 11.7 3.5 0.427
25 5.7 8.2 2.5 0.439
26 5.6 8.2 2.6 0.464
27 5.5 8.2 2.7 0.491
29 5.8 8.7 2.9 0.491
30 5.7 8.3 2.6 0.456
31 5.8 8.4 2.65 0.461
32 5.5 8.2 2.70 0.491
33 5.8 8.5 2.70 0.466
36 5.8 8.2 2.40 0.414
37 5.8 8.1 2.30 0.397
38 6.0 8.5 2.50 0.417
39 5.6 8.5 2.90 0.518
40 5.5 8.2 2.70 0.491
50 6.5 8.8 2.30 0.354
52 6.5 8.7 2.20 0.338
53 5.2 7.5 2.30 0.442
57 6.1 8.5 2.40 0.393
58 6.4 8.5 2.15 0.339
59 5.0 8.6 3.51 0.696
60 4.3 8.3 3.95 0.919
61 4.0 7.8 3.75 0.938
64 5.9 9.3 3.40 0.576
65 6.5 9.9 3.40 0.523
66 5.7 10.2 4.50 0.789
67 8.4 12.8 4.40 0.524
68 7.2 10.4 3.25 0.455
71 6.6 9.8 3.20 0.485
72 5.0 7.7 2.70 0.540
73 5.0 9.0 4.00 0.808
74 3.6 6.6 3.00 0.833
78 14.5 20.3 5.80 0.400
79 5.0 8.1 3.10 0.620
80 5.2 8.5 3.30 0.635
81 4.7 8.4 3.70 0.787
86 6.3 9.1 2.80 0.444
87 6.5 9.5 2.95 0.454
88 5.4 8.8 3.35 0.620
92 5.7 9.4 3.65 0.640
93 5.8 9.8 4.00 0.690
94 5.1 9.2 4.10 0.804
95 4.7 9.9 5.20 1.106
100 7.2 10.1 2.90 0.403
101 5.7 9.8 4.10 0.719
102 5.6 10.9 5.35 0.964
108 5.5 10.0 4.50 0.818
109 4.3 8.4 4.10 0.953
115 4.2 7.4 3.20 0.762
116 7.0 13.0 6.00 0.857
122 5.9 9.5 3.60 0.610
123 5.7 9.3 3.60 0.632
134 9.3 13.0 3.70 0.398
136 6.6 10.2 3.55 0.538
137 7.0 10.0 3.00 0.429
142 9.8 12.4 2.60 0.265
144 6.7 9.5 2.80 0.418
156 7.7 11.4 3.7 0.481
172 8.3 12.7 4.40 0.530
178 8.9 13.5 4.65 0.525
186 9.1 12.9 3.85 0.425
194 6.1 10.9 4.8 0.787
measurement of Ripley's ratio
MSW digestion 
time 
(days)
volume of HCl (ml) used 
at pH= 5.75   (A)
volume of HCl (ml) 
used at pH=4.3   (A') B=A'- A
Ripley's ratio of digestate 2 
(B/A)
60 8.1 12.8 4.65 0.574
61 7.8 12.5 4.70 0.603
64 7.8 12.5 4.70 0.603
65 6.6 12.5 5.90 0.894
66 5.0 11.5 6.50 1.300
67 4.8 11.1 6.30 1.313
71 4.8 9.0 4.20 0.884
71 9.3 13.7 4.40 0.473
72 7.6 11.4 3.80 0.500
73 6.7 11.0 4.30 0.642
74 5.6 10.5 4.90 0.875
75 5.5 10.3 4.80 0.873
78 5.3 8.2 2.90 0.547
79 7.5 12.7 5.20 0.693
80 6.9 11.7 4.80 0.696
81 5.3 9.5 4.20 0.792
86 8.8 13.6 4.80 0.545
87 9.5 13.1 3.60 0.379
88 7.7 11.2 3.50 0.455
92 9.1 12.8 3.70 0.407
93 8.0 11.9 3.90 0.488
94 6.1 10.3 4.20 0.689
95 6.1 10.9 4.80 0.787
100 9.8 13.6 3.80 0.388
101 7.5 12.0 4.50 0.600
102 7.5 12.4 4.90 0.653
106 9.8 13.3 3.50 0.357
107 8.3 13.6 5.25 0.633
108 7.5 11.0 3.50 0.467
109 6.8 11.0 4.20 0.618
115 6.4 10.0 3.60 0.563
116 6.2 10.5 4.30 0.694
123 7.8 10.5 2.70 0.346
135 8.5 11.0 2.50 0.294
136 8.7 13.0 4.30 0.494
137 9.8 13.4 3.60 0.367
141 11.0 16.3 5.30 0.482
142 8.1 11.1 2.95 0.364
143 8.5 12.3 3.80 0.447
156 8.5 12.9 4.45 0.527
172 7.5 11.3 3.80 0.507
186 9.0 12.7 3.65 0.406
194 8.9 12.5 3.60 0.404
time 
(days)
volume of HCl (ml) used 
at pH= 5.75   (A)
volume of HCl (ml) 
used at pH=4.3   (A') B=A'- A Ripley's ratio of digestate 3 (B/A)
95 5.0 7.9 2.90 0.580
100 6.4 9.4 3.00 0.469
101 6.2 8.7 2.45 0.395
102 6.0 8.9 2.85 0.475
106 6.6 9.6 2.98 0.449
107 6.6 9.8 3.20 0.485
108 5.1 10.0 4.90 0.961
109 4.3 8.5 4.20 0.977
115 5.3 10.8 5.55 1.057
116 4.8 10.6 5.80 1.208
122 6.9 9.9 3.00 0.435
123 6.0 9.7 3.70 0.617
135 10.0 13.5 3.50 0.350
137 9.3 12.5 3.20 0.344
142 7.8 10.6 2.80 0.359
143 8.7 12.8 4.10 0.471
144 8.6 13.0 4.40 0.512
156 8.0 12.5 4.50 0.563
172 8.8 13.5 4.70 0.534
186 8.8 13.1 4.30 0.489
measurement of Ripley's ratio
pH pH pH
time (days) digestate 1 digestate 2 digestate 3
19 7.35
22 7.35
23 7.31
24 7.21
25 7.26
26 7.22
29 7.25
30 7.16
31 7.19
32 7.16
33 7.17
36 7.29
37 7.22
38 7.22
39 7.29
40 7.4
50 7.52
51 7.5
52 7.5
53 7.15
57 7.34
58 7.4
59 7.11
60 7.12 7.43
61 7.2 7.48
64 7.42 7.08
65 7.39 7.03
66 7.06 6.97
67 7.25 7.02
68 7.24 7.2
71 7.31 7.64
72 7.16 7.44
73 7.09 7.35
74 7.0 7.06
75 6.9 7.05
78 7.2 7.45
79 7.38 7.52
80 7.12 7.1
81 7.16 7.08
86 7.27 7.4
87 7.3 7.58
88 7.07 7.31
92 7.35 7.59 7.5
93 7.29 7.59 -
94 7.09 7.07 -
95 7 7.16 7.24
100 7.27 7.44 7.35
101 7.1 7.14 7.22
102 7.03 7.23 7.21
106 - 7.3 7.23
107 - 7.26 7.12
108 7.09 7.2 7.0
109 7.0 7.26 7.1
115 7.1 7.14 6.95
116 7.04 7.18 6.87
122 7.35 - 7.4
123 7.36 7.6 7.06
134 7.33 - -
135 - 7.33 7.46
136 7.22 7.22 -
137 7.19 7.29 7.32
141 - 7.39 -
142 7.3 7.45 7.46
143 - 7.27 7.26
144 7.27 - 7.22
156 7.3 7.35 7.32
172 7.59 7.7 7.61
177 7.25 7.25 7.36
178 7.32 - -
186 7.5 7.33 7.31
194 7.36 7.13 -
MSW digestion
Inoculum Tests of Chapter 4 
 
Type of inoculum Final effluent from 
Wanlip (to river) 
Tap water Supernatant 
of digestate 
Dissolved Oxygen 
(mg/l)     9.1 7.3 0.8 
pH 7.42  7.0 7.55  
 
 
Waste Sample 1: inoculum with tap water;  
Waste Sample 2: inoculum with final effluent; 
Waste Sample 3: inoculum with supernatant of digestate. 
 
 
1)  TS and VS of the samples  
Waste 
samples 
VS (kg/m3) 
at the start 
VS (kg/m3)          
at the end 
VS/TS        
at the start 
VS/TS        
at the end 
Sample 1 132.78 148.924 92.8% 93.6% 
Sample 2  135.64 149.24 92.8% 93.5% 
Sample 3 133.34 140.936 92.4% 92.9% 
 
 
2)  VFA measurement (injection volume 0.1 µl) 
Waste sample  Total Dissolved VFA 
at the start of test  (g/l) 
Total Dissolved VFA 
at the end of test (g/l ) 
Sample 1 0.92 2.29 
Sample 2  1.04 2.01 
Sample 3 1.21 4.01 
 
 
 
 
 
 
 
3) Measurement of how much mass lost (by vapour or attached at 
pH metre) for each sample;   
 
loss mass in Weight 
Sample 1 1.16% 
Sample 2  1.83% 
Sample 3 1.62% 
 
control A Experimental B
VS of feed to 
control A 
(kg/m3)
VS of digestate 
A
VS of feed to 
experimental 
B(g/l/day)
VS of digestate 
B
day
9 29.2 18.2 36.37 25
28 35 21.208 41.49 24.534
32 29.2 19.332 36.37 21.91
35 29.2 19.55 36.37 22.572
39 29.2 18.208 36.37 21.396
40 29.2 17.9 36.37 20.329
41 29.2 17.828 36.37 21.128
61 29.2 17.07 36.37 20.58
68 29.2 17.54 36.37 19.55
69 29.2 15.52 36.37 17.94
77 29.2 18.34 36.37 19.41
84 32.164 19.92 38.98 20.946
90 32.164 19.43 38.98 21.18
95 33.628 18.156 40.28 19.794
98 33.628 17.54 40.28 19.1
104 33.628 17.446 40.28 18.338
VS of feeds and digestates for control A and experimental B                                                                                                       
of codigestion of kitchen waste and sewage sludge 
time (day) feed VS (kg/m3) digestate A-VS (kg/m3) digestate B-VS (kg/m3) gas yield (L)-digester A
gas yield (L)-
digester B
2 30.08 21.124 21.254 6.32 7.04
5 23.82 20.002 20.316 6.07 6.12
6 23.82 20.110 19.460 5.50 5.84
7 52.1 19.624 19.584 6.90 7.05
8 52.1 20.150 20.036 8.01 9.03
9 34.75 20.868 20.968 11.48 11.54
12 52.49 20.222 20.616 7.10 7.40
14 59.654 22.262 22.122 10.49 10.61
15 59.654 22.730 22.920 13.30 13.17
16 30.814 23.648 23.682 14.70 14.14
20 48.108 23.066 22.966 6.23 6.03
21 36.594 23.14 23.158 8.02 8.26
22 36.594 23.594 23.362 7.20 7.82
26 36.594 23.100 23.316 6.15 7.04
28 8.658 23.262 23.224 5.64 6.03
30 8.658 21.084 21.090 3.26 3.31
33 8.658 19.768 19.362 2.03 2.69
34 8.658 18.67 18.71 1.85 2.21
35 23.104 17.622 17.406 1.86 2.28
36 23.104 17.772 17.61 2.85 3.21
37 23.104 17.468 17.668 4.03 4.29
40 23.104 17.052 17.03 4.41 5.20
41 23.104 17.32 17.026 3.47 4.41
42 21.69 16.83 16.996 4.10 4.89
43 21.69 16.786 16.892 3.73 4.82
44 21.69 16.934 16.714 3.11 4.42
49 38.284 15.514 16.076 4.28 5.49
51 38.284 16.908 15.646 7.67 8.60
54 38.284 16.386 16.586 9.01 9.53
55 38.284 16.984 16.742 6.76 6.98
56 34.436 17.092 16.670 9.71 10.35
57 34.436 17.168 16.858 10.89 11.01
58 34.436 17.522 17.828 11.12 11.46
61 34.436 17.024 17.426 11.18 11.82
62 34.436 17.844 17.758 7.60 8.21
63 35.876 17.638 17.082 8.94 10.42
64 35.876 17.6 17.718 8.11 8.79
65 35.876 18.126 17.874 5.30 6.49
68 35.876 17.736 17.822 6.08 6.14
71 33.97 19.154 17.904 8.36 7.60
72 33.97 19.298 18.508 7.96 8.34
75 33.97 18.824 18.316 9.46 9.35
76 33.97 19.216 18.912 7.52 6.87
77 28.188 18.89 18.888 8.84 8.71
78 28.188 18.658 18.65 8.04 8.19
79 28.188 18.304 18.866 7.06 7.26
Volatile solid measured for sewage sludge feed,  digstates A and B at start-up  
& Gas yields from digesters A and B at start up 
time (days) TS of feed 1 TS of digestate 1 VS of Feed 1 VS of digestate 1
11 7.01% 1.95% 4.85% 1.22%
15 6.65% 4.85% 1.20%
16 6.65% 1.93% 4.85% 1.19%
17 7.13% 1.96% 5.20% 1.20%
18 7.13% 2.00% 5.20% 1.26%
19 7.00% 1.99% 5.10% 1.23%
22 7.10% 2.10% 5.17% 1.30%
23 7.10% 2.19% 5.17% 1.40%
24 7.10% 2.32% 5.17% 1.44%
25 7.10% 2.37% 5.17% 1.52%
26 7.10% 2.37% 5.17% 1.53%
29 7.23% 2.59% 5.28% 1.64%
30 7.23% 2.60% 5.28% 1.67%
31 7.23% 2.69% 5.28% 1.74%
32 7.23% 2.64% 5.28% 1.73%
33 7.23% 2.68% 5.28% 1.74%
36 7.23% 2.73% 5.28% 1.71%
37 7.23% 2.80% 5.28% 1.82%
38 7.23% 2.90% 5.28% 1.85%
39 7.23% 3.00% 5.28% 1.91%
40 7.23% 3.10% 5.28% 1.99%
50 8.66% 2.94% 6.39% 1.82%
52 8.64% 2.99% 6.50% 1.89%
53 8.10% 3.15% 5.93% 1.94%
57 8.10% 3.02% 5.93% 1.91%
58 8.64% 3.23% 6.39% 2.06%
59 8.64% 3.29% 6.39% 2.09%
60 9.11% 3.49% 6.88% 2.20%
61 9.11% 3.27% 6.88% 2.13%
64 9.11% 3.31% 6.88% 2.06%
65 9.11% 3.26% 6.88% 2.03%
66 9.11% 3.45% 6.88% 2.16%
68 9.11% 3.43% 6.88% 2.10%
71 8.39% 3.15% 6.11% 1.97%
72 10.81% 3.41% 8.15% 2.18%
73 10.81% 3.55% 8.15% 2.27%
74 11.44% 3.65% 8.75% 2.45%
78 11.44% 3.50% 8.75% 2.30%
79 10.20% 3.84% 7.64% 2.68%
80 10.20% 3.75% 7.64% 2.61%
81 10.28% 3.69% 8.06% 2.52%
86 10.28% 3.81% 8.06% 2.66%
87 14.40% 3.96% 11.00% 2.77%
88 13.30% 4.10% 9.98% 2.90%
92 13.02% 4.11% 9.80% 2.87%
93 12.41% 4.41% 9.28% 3.07%
94 12.75% 4.34% 9.40% 2.96%
95 12.75% 5.08% 9.40% 3.43%
MSW digestion
(TS&VS measurements for digester 1)
99 12.83% 4.80% 9.41% 3.25%
100 12.83% 5.19% 9.41% 3.48%
101 12.83% 5.30% 9.41% 3.52%
102 12.58% 5.44% 9.31% 3.58%
103 12.58% 5.44% 9.31% 3.62%
106 13.96% 6.09% 10.27% 3.63%
107 13.96% 5.47% 10.27% 3.56%
108 13.96% 5.58% 10.27% 3.80%
109 13.51% 5.66% 10.00% 3.81%
113 14.70% 5.87% 11.53% 3.84%
114 15.5% 6.45% 12.15% 4.46%
115 14.19% 5.88% 11.14% 4.15%
116 12.77% 6.41% 9.70% 4.58%
120 12.77% 8.49% 9.70% 6.03%
121 15.3% 5.57% 11.67% 3.89%
122 15.3% 6.03% 11.67% 3.87%
123 13.99% 5.65% 10.61% 3.77%
130 10.09% 5.58% 7.34% 3.70%
134 10.13% 6.18% 7.23% 3.92%
135 10.13% 5.72% 7.23% 3.84%
136 10.13% 6.13% 7.23% 3.90%
137 10.63% 5.45% 7.69% 3.68%
141 10.63% 5.73% 7.69% 4.03%
142 9.77% 5.65% 6.98% 3.96%
143 9.77% 5.15% 6.98% 3.40%
144 8.8% 5.39% 6.39% 3.70%
148 10.52% 5.30% 7.79% 3.49%
149 9.64% 5.42% 6.99% 3.70%
154 9.64% 5.97% 6.99% 3.76%
155 9.64% 5.12% 6.99% 3.39%
156 9.64% 5.57% 6.99% 3.84%
171 9.64% 5.33% 6.99% 3.47%
172 9.13% 5.10% 6.53% 3.28%
176 10.11% 5.70% 7.42% 3.64%
177 10.11% 5.79% 7.42% 3.77%
178 10.11% 5.55% 7.42% 3.69%
179 10.11% 5.43% 7.42% 3.56%
185 10.23% 5.53% 7.43% 3.56%
186 10.23% 5.58% 7.43% 3.68%
191 10.23% 6.03% 7.43% 3.88%
192 9.24% 5.54% 6.61% 3.63%
193 9.24% 5.60% 6.61% 3.65%
194 9.24% 5.58% 6.61% 3.71%
198 9.24% 7.70% 6.61% 4.70%
200 9.24% 5.00% 6.61% 3.20%
201 10.37% 5.03% 7.83% 3.25%
205 10.37% 5.05% 7.83% 3.20%
206 10.37% 5.11% 7.83% 3.25%
time (days) TS of feed 2 TS of digestate 2 VS of Feed 2 VS of digestate 2
60 7.10% 3.38% 5.10% 2.05%
61 7.10% 3.43% 5.10% 2.09%
65 7.10% 3.49% 5.10% 2.15%
66 8.39% 3.47% 6.10% 2.15%
67 8.39% 3.47% 6.10% 2.15%
71 7.79% 3.24% 5.77% 1.96%
72 7.79% 3.45% 5.77% 2.14%
73 7.79% 3.58% 5.77% 2.24%
74 7.79% 3.71% 5.77% 2.35%
78 7.79% 3.57% 5.77% 2.23%
79 7.82% 3.85% 5.97% 2.45%
80 7.82% 3.87% 5.97% 2.48%
81 8.01% 3.80% 6.09% 2.41%
86 8.01% 3.75% 6.09% 2.35%
87 10.89% 3.80% 8.19% 2.40%
88 8.52% 3.85% 6.48% 2.45%
92 11.65% 3.63% 8.70% 2.36%
93 11.40% 4.16% 8.50% 2.85%
94 10.62% 4.00% 7.73% 2.66%
95 10.62% 4.19% 7.73% 2.87%
99 11.34% 3.95% 8.31% 2.63%
100 11.34% 4.33% 8.31% 2.92%
101 11.34% 4.57% 8.31% 3.14%
102 11.35% 4.54% 8.13% 3.06%
103 11.35% 4.77% 8.13% 3.24%
106 13.96% 4.26% 10.27% 2.88%
107 13.96% 4.87% 10.27% 3.30%
108 13.96% 4.66% 10.27% 3.15%
109 13.51% 4.89% 10.00% 3.21%
113 14.70% 5.55% 11.53% 3.72%
114 15.50% 5.40% 12.15% 3.53%
115 14.19% 5.37% 11.14% 3.57%
116 12.77% 5.50% 9.70% 3.63%
122 15.3% 5.93% 11.67% 3.84%
123 13.99% 5.88% 10.61% 3.76%
129 10.09% 7.47% 7.34% 4.76%
130 10.09% 6.05% 7.34% 3.92%
134 10.13% 5.81% 7.23% 3.71%
135 11.35% 6.15% 7.91% 4.05%
136 10.08% 6.17% 6.95% 4.02%
137 10.08% 6.02% 6.95% 3.85%
141 10.08% 6.15% 6.95% 4.01%
142 9.47% 5.90% 6.45% 3.78%
143 9.47% 5.85% 6.45% 3.70%
144 9.47% 6.00% 6.45% 3.85%
148 9.47% 5.89% 6.45% 3.80%
149 9.47% 5.37% 6.45% 3.50%
154 9.47% 5.63% 6.45% 3.60%
155 9.47% 5.79% 6.45% 3.73%
156 9.47% 5.94% 6.45% 3.90%
171 9.52% 5.36% 6.26% 3.37%
172 9.52% 5.29% 6.26% 3.46%
176 11.14% 5.11% 7.73% 3.25%
177 11.14% 5.08% 7.73% 3.40%
178 9.78% 5.18% 6.82% 3.34%
179 9.78% 5.26% 6.82% 3.52%
184 9.78% 5.52% 6.82% 3.60%
MSW digestion
(TS&VS measurements for digester 2)
185 9.78% 5.44% 6.82% 3.65%
186 9.78% 5.33% 6.82% 3.67%
191 9.78% 5.42% 6.82% 3.53%
192 10.36% 5.41% 7.34% 3.53%
193 10.36% 5.31% 7.34% 3.38%
194 10.36% 5.41% 7.34% 3.52%
200 10.36% 5.24% 7.34% 3.48%
201 10.36% 5.31% 7.34% 3.59%
205 10.36% 5.54% 7.34% 3.76%
206 10.36% 5.34% 7.34% 3.65%
207 10.36% 5.57% 7.34% 3.79%
208 10.36% 5.66% 7.34% 3.79%
time (days) TS of feed 3 TS of digestate 3 VS of Feed 3 VS of digestate 3
106 13.96% 3.00% 10.27% 1.99%
107 13.96% 2.99% 10.27% 2.01%
108 13.96% 3.08% 10.27% 2.09%
109 13.51% 3.30% 10.00% 2.25%
113 14.70% 3.88% 11.53% 2.62%
114 15.50% 3.94% 12.15% 2.79%
115 14.19% 4.04% 11.14% 2.94%
116 12.77% 4.84% 9.70% 3.43%
121 15.30% 4.29% 11.67% 2.95%
122 15.30% 4.85% 11.67% 3.28%
123 13.99% 4.74% 10.61% 3.16%
129 11.03% 6.07% 8.33% 3.98%
130 10.09% 5.35% 7.34% 3.54%
134 10.13% 5.01% 7.23% 3.22%
135 10.13% 5.64% 7.23% 3.79%
136 10.13% 5.75% 7.23% 3.82%
137 10.63% 5.47% 7.69% 3.58%
141 10.63% 5.33% 7.69% 3.54%
142 9.77% 5.75% 6.98% 3.84%
143 9.77% 5.72% 6.98% 3.77%
144 8.8% 5.61% 6.39% 3.85%
148 10.52% 5.46% 7.79% 3.60%
149 9.64% 5.28% 6.99% 3.46%
154 9.64% 5.33% 6.99% 3.47%
155 9.64% 5.86% 6.99% 3.89%
156 9.64% 5.53% 6.99% 3.66%
171 9.64% 4.90% 6.99% 3.26%
172 9.13% 5.35% 6.53% 3.51%
176 10.11% 4.77% 7.42% 3.11%
177 10.11% 4.98% 7.42% 3.25%
178 10.11% 5.23% 7.42% 3.49%
179 10.11% 5.21% 7.42% 3.44%
184 10.44% 5.07% 7.60% 3.38%
185 10.62% 5.47% 7.73% 3.68%
186 10.62% 5.54% 7.73% 3.70%
191 10.60% 5.19% 7.90% 3.38%
192 10.60% 5.47% 7.90% 3.61%
193 9.22% 5.45% 6.68% 3.54%
194 10.24% 5.52% 7.54% 3.62%
200 10.41% 5.60% 7.81% 3.68%
201 10.25% 5.53% 7.64% 3.51%
205 10.25% 5.39% 7.64% 3.38%
206 10.35% 5.51% 7.69% 3.64%
207 10.35% 5.54% 7.69% 3.56%
208 10.35% 5.55% 7.69% 3.60%
MSW digestion
(TS&VS measurements for digester 3)
time (days)
gas A  (L) 
(Control A)        
gas B (L)  
(COFFEE+Sludge) 
110 9.32
111 9.26 9.69
112 13.33 13.63
113 12.03 12.86
114 11.34 11.66
115 11.49 11.55
118 7.19 7.49
119 9.68 9.78
122 6.69 7.82
123 6.76 7.75
124 4.70 5.86
125 4.46 5.56
126 4.21 5.84
127 4.22 5.54
128 7.78 9.24
129 10.52 10.98
130 8.82 10.65
131 9.15 10.24
132 10.79 11.24
133 11.69 12.62
134 11.34 13.47
135 6.94 9.04
138 5.17 6.99
139 3.33 4.92
140 3.91 5.59
141 3.73 5.63
biogas measurement from Control A and 
Experimental B for codigestion of                       
coffee waste and sewage sludge  
day
Gas (l)         
(control A) Gas (l) (experimental B)
1 9.89 10.64
2 13.31 13.91
3 14.12 13.49
4 14.4 15.63
9 9.2 9.2
10 12.17 13.5
11 13.79 14.75
17 9.2 10.1
22 5 6.65
23 8.14 9.2
24 8.3 9.25
25 8.45 9.35
31 5 6.5
36 5.68 5.99
46 5.26 6.52
50 4.9 6.3
51 8.14 9.02
52 8.12 9.01
53 9.18 9.56
54 9.2 9.7
57 4.24 7.07
58 8.19 11.58
59 8.08 10.02
60 9.15 10.48
64 5.3 7.91
66 9.8 11.75
74 8.89 10.05
78 9.75
Biogas yield from experiment of codigestion of 
compost and sewage sludge
HRT 
(days)
time 
(days)
Gas (l)              
(control A)
Gas (l) 
(experimental B)
15 0 3.9 9.72
15 1 5.96 12.2
15 2 5.5 11.23
15 3 8.75 13.62
15 7 4.25 11.98
15 9 8.5 10.4
15 10 9.4 11.45
15 11 12 14.66
15 14 6.64 11.69
15 15 9.9 14.74
15 16 10.5 15.19
15 17 11.5 15.59
15 18 4.69 8.82
15 21 8.99 12.7
15 22 14.1
15 24 10.3 12.77
15 28 6.45 9.51
15 31 10.12 13.97
15 37 10.31 13.01
15 43 9.5 11.19
15 44 8.04 11.9
15 45 10.5 12.39
12 48 6.3 12.02
12 50 5.8 13.01
12 57 5.1 11.57
12 58 7.2 13.78
12 61 6.3 12.5
12 65 5.02 9.05
12 68 5.7 9.4
12 72 4.0 10.1
12 77 2.66 8.27
12 80 5.79 11.78
12 82 4.83 10.6
    biogas yield from experiment of codigestion of                    
prehydrolysed refuse and sewage sludge
HRT 
(days)
time 
(days)
Gas (l)              
(control A)
Gas (l) 
(experimental B)
    biogas yield from experiment of codigestion of                    
prehydrolysed refuse and sewage sludge
12 83 3.78 7.61
12 84 5.98 11.0
12 85 7.01 10.25
12 86 7.51 13.5
12 90 5.09 10.79
12 91 6.2 13.9
12 92 6.6 14.12
12 96 5.1 13.5
12 98 7.1 14.1
12 99 7.15 14.57
12 103 6.3 15.3
12 105 6.5 14.8
12 106 6.86 14.44
12 111 6.5 15.55
12 124 4.45 10.76
12 125 5.4 12.68
12 126 6.3 13.64
12 127 7.8 16.1
12 128 7.87 15.78
12 131 4.67 10.6
12 133 5.78 11.1
12 134 6.33 11.49
12 138 5.47 11.42
12 139 6.99 12.89
12 140 10.4 15.19
12 141 11.27 15.7
12 145 7.47 13.05
12 146 9.74 16.28
12 147 9.27 16.31
12 152 5.46 11.15
12 153 7.05 11.2
12 154 7.16 11.72
12 159 7.16 12.01
HRT 
(days)
time 
(days)
Gas (l)              
(control A)
Gas (l) 
(experimental B)
    biogas yield from experiment of codigestion of                    
prehydrolysed refuse and sewage sludge
12 160 9.45 13.31
12 161 9.21 13.05
12 162 10.27 14.88
12 166 8.9 12.27
12 168 12.14 16.5
12 169 13.9 17.04
12 173 10.87 11.65
12 174 12.5 15.17
12 175 11.98 15.29
12 176 13.55 16.15
12 177 14.06 18.69
12 181 7.45 14.35
12 187 9.47 13.17
12 188 10.71 16.27
12 189 12.05 15.9
12 190 13.85 14.54
12 192 14.8 14.9
12 194 9.99 13.85
12 195 13.32 16.83
12 196 13.04 15.72
12 203 7.11 13.25
12 204 9.23 15.85
12 208 6.33 12.94
12 209 7.91 16.64
12 210 11.31 19.01
12 211 10.61 18.04
12 212 7.06 14.12
12 213 8.84 16.44
12 214 12.13 17.77
12 219 4.8 11.74
12 222 9.7 15.04
12 228 8.9 15.66
12 229 9.68 16.12
HRT 
(days)
time 
(days)
Gas (l)              
(control A)
Gas (l) 
(experimental B)
    biogas yield from experiment of codigestion of                    
prehydrolysed refuse and sewage sludge
12 233 7.1 14.11
12 234 9.35 18.62
12 235 13.41 21.17
12 242 4.4 13.27
12 247 8.75 15.1
12 248 12.6 19.8
10 255 8.36 15.23
10 256 9.62 18.3
10 261 7.32 15.11
10 262 11.59 17.16
10 268 5.9 14.2
10 275 5.35 12.45
10 276 8.52 17.37
10 277 14.29 20.1
10 282 3.6 11.85
10 283 5.8 14.72
10 284 10.7 16.7
10 327 3.4 8.85
10 332 2.6 8.19
10 337 2.75 9.15
10 338 4.82 10.7
10 339 9.24 13.07
10 344 3.5 9.73
10 345 4.84 11.82
10 354 5.15 10.05
10 360 3.6 8.8
10 361 6.51 11.49
10 365 4.03 9.62
10 378 6.52 9.33
10 379 7.69 11.58
10 380 8.42 13.87
10 381 12.02 15.15
10 382 11.58 16.63
10 386 4.66 11.65
biogas yield from digester 1
time (days) Gas yield (ml/day) time (days) Gas yield (ml/day)
59 6007 108 18734
60 6139 109 19896
61 6004 110 19003
65 8616 114 9523
66 11467 115 14513
67 9754 116 19714
68 9705 123 10605
71 8706 130 10831
72 9417 135 9131
73 11094 136 15472
74 15614 137 16925
78 18245 138 17208
79 12196 142 9247
80 9625 143 14158
81 10757 144 14753
88 15777 149 8470
89 17005 155 9414
92 10980 156 14564
93 11274 172 4823
94 19802 177 9450
95 18712 178 14673
96 19714 179 14775
100 10467 186 8172
101 18689 187 16395
102 17499 192 8986
103 17303 193 16373
107 11252 194 17165
MSW digestion 
biogas yield from digester 2
time (days) Gas yield (ml/day) time (days) Gas yield (ml/day)
59 5351 110 16193
60 5075 115 20194
61 4832 116 18625
64 4493 123 8003
66 3993 130 7081
71 5628 135 8821
72 6166 136 15345
73 10645 137 15590
74 10045 138 15955
78 8431 142 8301
79 6460 143 13136
80 5688 144 14869
81 8609 149 7758
90 10956 155 8137
93 6791 156 13470
94 15092 172 4924
95 18714 177 9216
96 15531 178 15374
100 7423 179 16393
101 15571 185 8955
102 19153 186 14296
103 14921 187 16021
107 9409 192 8078
108 20261 193 15485
109 20291 194 16148
MSW digestion 
time (days) Gas yield (ml/day)
101 9361
102 9230
103 12079
107 11566
108 21316
109 23132
110 19690
114 11105
115 17683
116 17785
123 10409
130 8856
135 8475
136 15412
137 16320
138 17148
142 9303
143 15119
144 15873
149 9068
155 9369
156 13690
172 4695
177 9112
178 14789
179 15383
185 9837
186 17954
187 19675
192 10248
193 17770
194 18415
MSW digestion 
biogas yield from digester 3
Effect of Enzymes 
pH value measurement
1# trials effect of selected enzymes
time Celluclast Ultro Roxayme Ronozyme Celluase control
0 7.22 7.22 7.22 7.22 7.22 7.22
0.5 7.18 7.13 7.15 7.14 7.16 7.21
1 7.14 7.18 7.16 7.17 7.16 7.3
2 7.28 7.15 7.26 7.26 7.27 7.35
3 7.26 7.26 7.21 7.18 7.27 7.54
5 7.2 7.26 7.32 7.13 7.17 7.6
7 7.05 7.05 7.03 7.0 7.01 7.54
9 6.93 6.91 7.02 6.84 6.84 7.6
23 5.95 6.45 6.07 6.35 6.95 8.0
24 5.95 6.37 5.92 6.2 6.72 7.89
2# trials effect of different dosages of screened enzymes
time Celluclast 0.5% Celluclast 1% Celluclast 2% control 
0 6.72 6.72 6.72 6.72
1 6.78 6.69 6.71 6.85
4 6.79 6.69 6.73 6.94
6 6.67 6.57 6.61 7.02
8 6.48 6.34 6.29 7.02
24 5.96 5.87 5.81 7.22
time Roxayme 0.5% Roxayme 1% Roxayme 2% control 
0 6.72 6.72 6.72 6.72
1 6.81 6.76 6.78 6.85
4 6.79 6.79 6.77 6.94
6 6.69 6.65 6.59 7.02
8 6.48 6.42 6.36 7.02
24 5.91 5.9 5.84 7.22
time Cellulase 0.5% Cellulase 1% Cellulase 2% control 
0 6.72 6.72 6.72 6.72
1 6.73 6.78 6.76 6.85
4 6.74 6.78 6.72 6.94
6 6.63 6.58 6.51 7.02
8 6.32 6.33 6.23 7.02
24 5.95 5.64 5.03 7.22
time (days) Gas (l)         (control A)
Gas (l) (experimental 
B)
9 4.65 7.4
28 7.22 10.73
32 7.72 9.5
35 7.34 7.94
39 3.4 5.6
40 5.42 8.69
41 5.46 9.5
61 3.47 8.42
68 4.7 13.8
69 5.9 14.7
77 6.18 11.9
84 4.9 14.1
90 6.14 11.1
95 3.74 11.07
98 4.1 10.8
104 5.26 9.84
Biogas yield from experiment of codigestion of 
kitchen waste and sewage sludge
HRT (days) Time (days) control A experimental B
15 14 0.575 0.485
12 100 0.422 0.354
12 110 0.351
12 111 0.471 0.291
12 114 0.333
12 124 0.438 0.346
12 128 0.529 0.368
12 137 0.364 0.466
12 148 0.775 0.377
12 176 0.646 0.372
12 189 0.719 0.361
12 225 1.28 0.46
12 232 0.958 0.483
12 237 0.661 0.426
10 257 0.623
10 258 0.608 0.403
10 264 0.78
10 276 0.804 0.451
10 286 0.721 0.37
pH measurement during the experiment 
HRT (days) Time (days) pH of Control A pH of Experimental B
15 14 7.4 7.6
12 100 7.6 7.5
12 110 7.7
12 111 7.6 7.5
12 114 7.5
12 124 7.3 7.5
12 128 7.5 7.6
12 138 7.5 7.4
12 174 7.5
12 189 7.3 7.7
12 204 7.6 7.6
12 231 7.3 7.5
12 232 7.4 7.6
12 236 7.3 7.6
12 245 7.5
10 250 7.4 7.6
10 264 7.3
Ripley's ratio of the experiment of codigestion of hydrolysed refuse 
and sewage sludge
HRT (days) Time (days) CST of control A CST of experimental B
15 37 489.8
15 39 478.2
15 43 537.3 495.5
12 44 540.4 507.2
12 45 529.6 433.3
12 46 525.1 468.5
12 47 568.5 461.9
12 81 462.4 341.2
12 89 463.6 214.6
12 95 462.6 267
12 103 456.1 265.4
12 114 398.9 276.5
12 117 462.9 275.7
12 127 481 299.9
12 131 406.1 254.6
12 138 420.1 288.9
12 180 692.4 330.4
12 193 887.9 457.2
12 194 996.6 406.4
12 235 920.2 596.9
12 236 1046 526.5
10 249 956 595.6
10 268 1257.4 812.3
measurement of Capillary Suction Time (seconds) during the test of 
codigestion of hydrolysed refuse and sewage sludge
CST  (seconds) CST  (seconds) CST  (seconds)
time (days) digestate 1 time (days) digestate 2 time (days) digestate 3
0 306.9 60 772.5 94 297.6
23 349.7 61 785.7 95 337.5
24 339.6 65 699.3 100 460.3
25 346.1 66 683.6 101 483.6
26 392.2 67 522.3 102 459.8
29 408.3 71 498.7 106 514.5
30 403.2 72 493.4 107 577.3
31 411.1 73 567.2 108 601.7
32 407.3 74 620.6 109 702.1
33 353.9 78 518.1 116 838.9
36 386.9 79 560.7 123 1100.1
37 405.9 80 610.0 135 1288.9
38 432.2 81 699.8 142 1557.8
39 429.4 83 689.4 143 1359.9
40 424.9 86 681.3 144 1659.3
50 319.1 87 638.5 172 1267.6
52 348.4 88 614.2 179 1654.2
53 431.2 92 654.9
57 376.8 93 664.8
58 381.6 94 820.7
59 416.2 95 998.6
60 443.6 100 803.05
61 481.8 101 963.1
65 442.4 102 1128.9
66 474.9 106 928.6
71 471.5 107 1196.9
72 517.2 108 1084.2
73 597.0 109 1389.2
74 573.0 116 1454.2
79 677.2 123 1584.5
80 717.1 135 1580.9
81 606.3 136 1589.3
85 721 137 1765.8
86 736 141 1582.9
87 773 142 1749.4
88 774.2 143 1812.6
92 965.3 144 1721.6
93 1133.8 156 1539.5
94 1176.5 172 1543.1
95 1282.2 178 1613.8
100 1244.5 186 1313.8
101 1529.9
102 1719
108 1706.1
109 2152.3
115 2121.5
116 1957.4
123 2097
134 2220.2
136 2179.6
137 1925.5
142 1748.2
144 1943.6
149 2052.7
155 1876.2
156 1589.3
172 1735.9
178 1631.6
186 1562.1
MSW digestion
